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A B S T R A C T
The application of the value W, the mean energy expended in the 
production of an ion-pair, to the ionometric dosimetry of neutron 
radiation as applied to radiotherapy is discussed. The concept 
of tissue equivalence-is developed and the limitations of its 
application evaluated;
The value of W for alpha particles from Americium-241 in several 
gases, including two tissue equivalent gases, were measured using 
a total ionisation current technique.
The effect of a dependence of W upon energy, mass and charge is 
discussed.
Protons in the energy range 300 kev to 1.7 MeV were used in order 
to evaluate any energy dependence of W in an Argon plus Methane gas 
mixture over that energy range. A dependence was observed, amounting 
to 17% at 500 Kev compared to the value at 1.7 MeV. Additionally 
an inversion in the trend as the energy was reduced below 450 KeV 
was observed.
A high mass experiment is described using fission fragments from a 
Californium-252 source in an Argon plus Methane gas mixture.
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INTRODUCTION
1.0. INTRODUCTION
The aim of this thesis is to discuss the experimental 
determination of the value W, the mean energy expended in the 
production of an ion-pair, for protons in the energy range 300 kev 
to 1.7 MeV, alpha particles of 5.5 MeV, and fission fragments from 
Californium-252. Experimental gases used in this research were 
Argon (90%) plus Methane (10%) for charge pulse determinations and 
tissue equivalent mixtures j£or a total ionisation current measurement. 
Values of W for 5.5 MeV alpha particles in Nitrogen, Argon and Air 
were also determined. The selection of the above gases is discussed 
in the experimental sections.
W is an essential value in the ionometric dosimetry of 
radiation. The overall aim of this research is to provide data on 
the value of W as a function of energy and mass of the incident 
particle and also to provide a value of W for Tstandard1 tissue- 
equivalent gas mixtures. This information is required for the 
dosimetry of radiotherapeutic neutrons.
The radiotherapeutic use of neutrons is discussed later in 
the current- chapter together with a consideration of the interactions 
of neutrons with tissue. The meaning of W and its determination is 
also discussed.
In chapter two the concept of tissue-equivalence as applied 
to neutron dosimetry is related to the composition of human tissue. 
Existing tissue-equivalent media are reviewed and compared with the 
requirement of an idealised tissue-equivalent medium simulating a 
general tissue composition.
An experiment designed to determine the value of W for two .*
tissue-equivalent gas mixtures using 5.5 MeV alpha particles in a 
total ionisation current measurement is described in chapter three.
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W is frequently applied directly in the Bragg-Gray cavity 
chamber equation. If, however, the value of W is dependent on the 
energy, mass or charge of the incident particle then the value 
applied in the Bragg-Gray equation must take this dependence into 
consideration. In chapter four such a dependence is discussed.
In chapters five and six the experimental determination of 
the value of W for protons over the range 300 kev to 1.7 MeV and 
for heavy fission fragments is discussed. These experiments provide 
a suitable series of results to evaluate the dependence of W for the 
application in the cavity equation.
Chapter seven reviews the results obtained and their 
relevance to the application of the ionometric equations for 
dosimetry to the subject of dosimetry of radiotherapeutic neutrons.
1.1. THE USE OF NEUTRONS IN RADIOTHERAPY
Neutrons were first used for the radiotherapeutic treatment 
of cancerous tumours in a series of trials by R.S. Stone at the 
University of California Hospital between the years 1938 and 1943, 
the results of these tests being such that no further serious attempt 
was made to use neutrons for the same purpose until the year 1966.
The results of this early series of trials were reported by R.S. Stone 
(1947) in his Janeway Memorial Lecture to the American Radium Society 
in 1947.
By the year 1966 the reduced effect on the biological damage 
of the oxygen content of the tissue when using neutrons compared with 
that when using X or gamma radiation was appreciated. This is a 
factor of importance in the treatment of cancerous growths by radiation 
therapy as the tumours have generally a lower oxygen content than the
'I
surrounding healthy tissue.
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If, as is the case for X and gamma radiation, the biological 
damage is a function of the oxygen content of the tissue, the result
tumour. Figure l.a. shows cell survival curves for hypoxic and
oxygen enhancement ratio (OER) is the ratio of the fraction of cells 
surviving equal absorbed dose under hypoxic conditions to that under 
aerated conditions. Figure l.b. shows the values of OER for X and
alpha radiation and 15 MeV neutrons.
Neutrons used in radiotherapy are usually obtained from one 
of three sources:
1. The acceleration of positive ions to high energies 
followed by their interaction with a suitable target 
material to produce energetic neutrons. One example
can be greater damage to the surrounding tissue than to the anoxic
aerated conditions using X-radiation and 15 MeV neutrons. The
is that used by the Hammersmith Hospital, London.
16 MeV deuterons are produced in a cyclotron at a
beam current of 100 micro-amperes. These are then
focussed onto a Beryllium target. The energy spectrum
of neutrons from this interaction is shown in figure
l.c
The prime neutron producing interactions in the
Hammersmith technique are:
and
4 1 1
2 He + p + 2 n
The neutrons produced in this way are concentrated in
the forward direction, the dose rate being, for the 
conditions stated above, 70 rads, min \  at one metre
m  air.
Other radiotherapy centres use other neutron energies
the highest being of the order of 25 MeV.
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Figure lra
Survival Curves for Mammalian Cells under X,Alpha and 15 MeV Neutron 
Irradiation in Aerated and Hypoxic Conditions (IAEA 1974)
1. alpha
2. neutron (aerated)
3. neutron (hypoxic)
4. X-radiation (aerated)
5. X-radiation (hypoxic)
Fraction 
of cells 
surviving
0-001 1000
Dose (rad.)
Figure l.b
Table of Oxygen Enhancement Ratios for Neutrons, Alpha Particles and 
X-radiation
Radiation Oxygen Enhancement Ration
Alpha Particles 1.0
15 MeV Neutrons 1.6
X-Radiation 2.5
2. The interaction of low energy deuterons (100 kev to 
300 kev) with tritium.
2H + 3H = 4He + *n + 17.6 MeV
The energy of the reaction is shared between the neutron 
and the alpha and for zero deuteron bombarding energy 
the neutron energy is 14.1 MeV.
This is an attractive source of neutrons due to the low 
accelerating potential and hence the small physical size 
and relatively low cost of such a generator.
Manufacturing difficulties have, however, restricted the 
application of this source.
3. A further source of radiotherapeutic neutrons is from 
radio-isotope sources decaying by spontaneous fission 
with accompanying emission of neutrons.
These sources can be surgically implanted until a
specified dose has been absorbed by the tissue. Such a
source is Californium-252. The neutron spectrum from
such a source is shown in figure l.d. (Werle & Bluhm,
1972), the Maxwellian energy lying at 2.1 MeV. A
different distribution is also plotted in figure l.d.,
this being from I.A.E.A. (1974). The former distribution
was obtained by spectroscopic analysis of protons from
3hydrogen-elastic scattering and the He(n,p)t reaction 
whilst the latter was from an undisclosed experiment.
The range of initial neutron energies as used for radiotherapy 
is, therefore, from about 500 kev to 25 MeV, this being the range to 
which the following discussions will be applied. In particular, 14 MeV 
will be taken as a norm wherever possible. When manufacturing difficulties 
are overcome the low potential accelerator will find greater use and may 
replace the other sources.
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Figure I.e.
Spectrum of Neutrons from 16 MeV Deuterons on a Thick Beryllium 
Target (D.K. Bewley 1970)
n
b  IT. J
Neutron Energy (MeV)
Figure l.d.
Spectrum of Neutrons from Californium-252
1 = IAEA,1974.
2 = Werle & Bluhm,1972.
n
Neutron Energy (MeV)
It must be noted that several differing opinions are held by
workers in the field of radiotherapy as to the true clinical advantages
of the use of neutrons. The above discussion has, however, yielded the
necessary information as to the range of neutron energies to be considered
*
when the ionometric determination of dose is to be evaluated. A more 
complete review has been written by D.K. Bewley (1970).
1.2. THE EFFECT OF CHARGED PARTICLES IN TISSUE
The major contribution to the biological damage when neutrons are 
incident in tissue is not from the direct interaction of neutrons with 
the tissue, although some damage is done in this way, but from the 
interactions of secondary charged particles. These charged particles 
will be the result of primary neutron interactions and the products from 
the interactions of the secondary radiation. X and Gamma radiation, 
itself indirectly ionising, will be among the products of the primary 
interactions.
The biological damage is a result of the breaking of a chemical 
bond in a critical component of the cell. Ionisation and sufficiently 
energetic excitation of orbital electrons by the interaction of charged 
particles can lead to the breaking of chemical bonds. When a charged 
particle with an initial energy of the order of 3 MeV is stopped in a 
medium about 10^ ion-pairs are produced. Such a loss of an electron 
from a molecule can lead to the destruction of a chemical bond, the
typical binding energies of covalent bonds being of the order of 2 eV
to 9 eV. Biological damage is attributable to this bond breaking but 
the effect on the cell is dependent on the exact site of the chemical 
change. It is the replication centre of the cell which is required to 
be inhibited if the cell is to be prevented from multiplying. The cells
of cancerous tissue have the property of uncontrolled duplication and
hence the inhibition of the reproductive processes will lead to the 
controlling of the cancerous cells.
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The same absorbed dose in a given tissue from two types of
radiation may not result in the same degree of biological damage.
The biological effect is a function also of the charge, mass and energy
of the incident particle and also of the dose rate. The effective
%
dose in a tissue is specified as the Dose Equivalent where for
radiobiological purposes this is equal to the absorbed dose in rads
multiplied by the Relative Biological Effectiveness (RBE) for the type
of radiation in the given medium and for a given effect. The units of
Dose Equivalent is the rem. Relative Biological Effectiveness is defined
as follows (I.A.E.A. 1974):
"The RBE of a test radiation, compared with a standard radiation,
is the ratio of D :D where D and D are the absorbed doses of thes r s r
standard and the test radiations respectively which are required to produce 
equal biological effect." This value is usually referred to 250 kev X:or 
gamma radiation as a standard. The RBE is not only a function of the type 
of radiation and its energy but also of the biological system. Such a 
dependence is that mentioned in section 1.1., namely the oxygen enhancement 
effect using neutrons compared with that when using X or gamma radiation.
For radiation protection work the dose equivalent is defined as
being the absorbed dose multiplied by the Quality Factor and by any other
modifying factor such as the geometry of the system. The quality factor 
for neutrons is 20 whilst for X and gamma radiation it is given unity 
value.
1.3. THE INTERACTION OF 1 MeV TO 14 MeV NEUTRONS IN TISSUE
As has been mentioned in section 1.2., the biological damage to 
tissue is caused primarily not by the direct interactions of the incident 
neutrons but by the effect of the secondary charged particles produced by 
the neutron interactions. It is, therefore, essential that the secondary 
particle spectrum be known.
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When neutrons are incident in a medium the secondary particle 
spectrum is a function of the gross atomic composition of the medium.
It is, therefore, necessary that the composition of the medium be 
known. In the case of this thesis, it is human tissue which is of 
interest. The specification of tissue will be discussed in detail 
in chapter two and the current section will cover the compositions 
used by workers in the field of secondary particle spectra from 
suitable energy neutrons.
J.A. Auxier, W.S. Snyder and T.D. Jones (1968) have calculated 
the contribution to the absorbed dose of the major neutron interactions 
in a four element model of human tissue in the geometry of an 
anthropomorphic phantom. The gross atomic composition of this model 
is, by weight, 10.4% Hydrogen, 18.8% Carbon, 3.1% Nitrogen and 67.7% 
Oxygen. . The phantom is irradiated by a uniform flux of neutrons 
incident from one direction only (see figure I.e.).
The contribution of each reaction to the total absorbed dose 
is shown in figure l.f. for monoenergetic neutrons of 5 MeV, 7 MeV,
14 MeV and those from an unmoderated fission reactor (Health Physics 
Research Reactor (HPRR), ORNL). From this table it can be seen that 
the predominant interaction is that of hydrogen elastic scattering 
H(n,n)H. The second most important interaction with regards to the 
absorbed dose contribution is the production of an oxygen ion by the
elastic interaction 0(n,n)0. Deuterium is produced by the interaction
1 2 . .H (n,y)H . This table will be referred to when tissue equivalence is
considered in chapter two, the absorbed doses being compared for 
different atomic compositions by simple substitution in the results 
for the four element model of Auxier et al.
Figure I.e.
Anthropomorphic Phantom as Defined by Auxier etal (1978)
Neutron
Beam
60 cm
Figure 1.f.
Table of the Contributions from Individual Reactions to the 
Absorbed Dose in a Whole Anthropomorphic Phantom 
(Auxier, Synder & Jones 1968) *
NEUTRON ENERGY
REACTION
HPRR
%
5MeV
%
7 MeV 
%
lOMeV
%
14MeV 
%
1 H(n,n)H 73.01 83.26 83.88 82.08 67.63
2 C(n,n)C 1.88 2. 12 1.75 1.54 1.19
3 N(n,n)N 0.15 0.22 0.18 0.15 ,0.119
4 0(n,n)0 4.46 5.505 5.85 3.67 2.86
5 C(n,n’) C-»C+^ fj 0.12 0.059
6 C(n,n’) C-^C+A^ 0. 104 O.ll 0.77 1.44 1.37
7 C(n,n* ) C->-C+ ^ 2 0.001 0.28
8 NCn,!!*) N— 0.004 0.02
9 N(n,n>) N-^N+ ^ 2 0.002 0.05 0.06
10 N (njn*) N-^N+^g 0.001 0.07 0.04
11 N (n, n’ ) N->N 0.06
12 N(n,n’ )*N->N+2T5 0.06
13 0(n,n, ) 0-»0+^j 0.088 0.42 3.32 3.05
14 0(n,n1) 0 ->0 +i^ 2 0.038 0.73 0.75
15 OCnjn’) 0->0+^2 3.13
16 0(n,n7 ) 0->0+X^ 1.53
17 C(n,d2) Be->Be+n
B ->2<*e 1.15
18 C(n,n,)*C->B -K* ’ e 1.01
Figure l.f. (Continued)
REACTION
NEUTRON ENERGY
HPRR 5MeV 7MeV lOMeV 14MeV
% % % % %
19 N(n,2,)N 0.02
20 H7 (n/)H2 18.19 6.09 4.19 2.96 1.76
21 C(n,o< )B 
■ o e 0.006 0.27 0.714
22 N(n,°<o)B 0.134 0.37 0.18 0.24 0.22
23 0(n,«*)C 0.300 2.04 2.05 1.78 2.20
24 C(n,CXj)*B^Be+y 0.001 0.10
25 N(n,«1)*B|*B+if1 0.006 0.04 0.03 0.05 0.08
26 N (n,t*2)B->B+#2 0.001 0.03 0.05 0.10
27 N(n,6^ 2) B->B+2^ 0.004 0.10 0. 12
28 OCN,^ ^ C-^C+^j 0.015 0.27 2.04
29 0(n,o^)*C->C+^2 0.009 0.54 4.88
30 0(n,o^)*C->C+y3 1.98
31 N(n,P)*C 1.577 0.71 0.65 0.54 0.36
32 0(n,P)*N-^N+y 1.01
Total Absorbed 9.481 26.95 33.69 40.91 50.42
Dose 10 ^  rad.
-1 2 neutrons cm
The absorbed dose figures from this paper include the 
contribution in the phantom for gamma radiation. This should be 
modified for the radiotherapeutic dose considerations as the neutron 
field in that case is collimated prior to body irradiation whereas 
the flux incident on the model was incident on the whole of one side 
of the phantom. The figure should, therefore, be reduced by the 
amount of the gamma radiation which will escape from the region of 
interest less that which will be incident from a remote region, all 
modified by the consideration of beam geometry. The Auxier model is, 
however, valid for radiation protection considerations where the 
situations are such that the neutron flux is generally not collimated. 
For the central core, 12cm. by 12cm., of the Auxier Phantom, 60cm. by 
30cm. diameter, 14% of the total absorbed dose is due to gamma radiation 
whereas for a core from an end layer the contribution is 10%. These 
contributions include the fraction of gamma radiation emitted from 
layers remote from the layer in question. For a collimated source the 
gamma radiation from a site remote from the centre in question would 
be reduced compared to the non-collimated case above. It is assumed 
that no gamma radiation contaminates the incident beam.
No attempt has been made to evaluate the modification due to 
the g-arama contributions, the Auxier paper not having separated in many 
cases the gamma radiation contribution from that of other components.
R.S. Caswell and J.J. Coyne (1972) have calculated the 
secondary particle spectrum for neutrons of 1 MeV and 14 MeV in a four- 
element model, the composition of which was, by weight, 10% Hydrogen, 
12.0% Carbon, 4.0% Nitrogen and 74.0% Oxygen. The difference between 
the composition for tissue used by Caswell et al and that used by 
Auxier et al underlines the necessity for there to be a greater 
understanding of the true composition of human tissue and the 
interactions therein. In figure l.g. the spectral distributions of 
the most important secondary particles are shown as derived by Caswell.
Figure l.g.
Initial Energy Distributions for the Secondary Ions Produced
by the Interaction of 14 MeV Neutrons in Tissue (Caswell,1972)
Nt
Energy (MeV)
N.
Energy (MeV)
1.4. THE DOSIMETRY OF RADIOTHERAPEUTIC NEUTRONS
The fundamental dosimetric equation for the ionometric
determination of absorbed dose is that due to Bragg and Gray. This
equation is applicable to cavity chambers with the limitations
discussed later in this section. The equation is related to a small
gas filled cavity in a surrounding homogeneous absorbing medium. The
equation is, in its basic form:
D = JWS Joules kg  ^m
Where D is the absorbed dose
J is the number of ion-pairs liberated per 
kilogramme of the cavity gas 
W is the mean energy liberated in the production 
of an ion-pair in the gas in electron volts 
(see 1.5.)
is the effective ratio of the mass stopping 
power of the surrounding medium to that of the 
cavity gas, for the particle in question.
This equation was first postulated by Bragg (1910, 1912) and 
later quantified by L.H. Gray (1929, 1936). It is based on the concept 
of a small cavity surrounded by a homogeneous medium, the size of the 
cavity being sufficiently small to have insignificant effect on the 
ionic equilibrium set up in the surrounding medium. This implies that 
the energy lost by the traversing particles in the cavity gas is small 
compared with its initial kinetic energy.
In a practical neutron chamber this requirement is clearly not 
attained. The secondary charged particles will lose a significant 
amount of energy in traversing the one centimetre of a Rossi chamber 
(1956) for example. (Range of a 7 MeV proton in air is 61.1 cm.).
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Fano (1954) has shown, however, that as long as the gross 
atomic composition of the cavity gas is the same as that of the 
surrounding medium then the fundamental equation can be applied.
In an ionometric evaluation of absorbed dose it is the value%
J which is determined. Ignoring any density effect, the value of Sm 
is equal to unity for a cavity gas whose gross atomic composition is 
identical to that of the surrounding medium. It is, therefore, 
necessary that the value of W be known for the cavity gas and for the 
incident radiation. This value of W must be a mean value for the range 
of secondary ionising particles produced when the primary neutrons are 
incident in the tissue. It is, therefore, essential that the dependence 
of W on the energy, mass or charge of the interacting charged particles 
is known. As can be seen from Caswell's energy distributions for the 
secondary particles there is a wide energy range to be taken into 
account. The dependence of W on energy is, therefore, of great 
importance. The variation of mass of the secondary particle is also 
marked, hence the interest in the mass dependence.
Any variation in W due to these effects will have a directly 
proportional effect in the value of the absorbed dose evaluated using 
the Bragg-Gray equation. Chapters five and six describe experiments 
performed to evaluate the energy and mass dependence of W.
Review articles on the subject of cavity theory have been 
written by T.E. Burlin (1962, 1966) and P.R.J. Burch (1955, 1957) among 
others, the application to medical neutrons being described by 
D.K. Bewley (1970) .
Further consideration of the dosimetry of neutrons necessitates 
the application of microdosimetric concepts. In this thesis, however, 
the discussion is limited to the consideration of the integral effect 
of interacting radiation. Small changes in energy in small volumes of 
medium are considered frequently using monte-carlo techniques to 
evaluate the energy loss processes.
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Microdosimetry is a stochastic science in which the equivalent 
of the value ¥ is its differential w. The Proceedings of the 
International Symposia on Microdosimetry (1968, 1970, 1972, 1974, 1976), 
together with the reports of J. Booz, J. Dennis, E.^Rotondi, H. Rossi,
D. Srdoc, S.¥. Snyder and others, cover the work being performed using 
microdosimetric techniques.
1.5. THE VALUE ¥
ICRU (1962) defines the value W as follows:
The average energy expended in a gas per ion-pair formed 
is the quotient of E by N^, where is the average number 
of ion-pairs formed when a charged particle of initial 
energy E is completely stopped by the gas.
¥ = E/Nw eV per ion-pair
¥ is usually specified in units of eV per ion-pair liberated.
In the S.I. system of units this would be in Joules per ion-pair.
Alternatively, ¥/e, with the units Joules per coulomb, could be used,
this being numerically identical to ¥ in eV.
It must be observed that the ions arising from the absorption
of bremsstrahlung radiation emitted by the charged particles are not
to be counted in the value of N . This is not a constraint in thisw
research, the heavy particles of interest in this research not emitting 
bremsstrahlung radiation.
The experimental determination of ¥ is therefore, assuming 
that the incident particle energy is known, the determination of the 
number of ion-pairs produced per incident particle. In order to 
determine this, it is necessary to consider charges of one sign and to 
determine the number of these by either current measurements or direct 
charge measurements. The experimental chapters deal in detail with the 
determination of the number of ions liberated and, where necessary, the 
energy of the incident particles.
Charged particles, when in the sphere of influence of an atom, 
can undergo the following interactions:
(a) Nuclear Interaction - Elastic
The incident particle is deflected and loses energy to 
conserve momentum. For heavy ions the cross-section 
■for this type of interaction is small. Electrons have 
a high cross-section for this interaction which decreases 
at high energies (15 MeV) due to charge screening by the 
outer electrons of the target atom.
(k) Nuclear Interaction - Inelastic
During a close, non-capture interaction the incident 
particle is deflected. Radiation may be emitted due to 
the acceleration of the particle with resulting loss of 
kinetic energy of the incident particle. This radiation 
is called bremsstrahlung radiation. An interaction of 
this type is typically exhibited by electrons, not by 
heavy ions, the energy loss varying inversely with the 
square of the mass of the incident particle.
(c) Interaction with Bound Atomic Electrons - Elastic 
The interaction in this case may be regarded as being 
with the atom as a whole, the result being a transfer of 
energy to the atom of less than the lowest electron 
excitation level. This interaction is significant only 
for electrons whose kinetic energy is less than 100 eV.
(d) Interaction with Bound Atomic Electrons - Inelastic
This is the predominant process by which charged particles, 
whose kinetic energy exceeds the ionisation potential of 
the electrons of the target atoms, lose energy during 
interaction with matter.
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The result of such an interaction is for one or more 
atomic or molecular electrons to be excited to a higher 
energy state. This state may be either bound (excitation) 
or unbound (ionisation). It is this class of interaction 
which is the predominant process for heavy charged 
particles, the probability of energy loss by the other 
interaction types being low.
For the present consideration, the fourth type of interaction 
may be sub-divided into three sections:
(a) Those interactions in which the energy transfer is less 
than the ionisation potential of the outermost electron 
of the atom or molecule. In this situation, no ion-pairs 
are produced, energy losses being less than about 15 eV. 
Such an energy loss may, however, be adequate to result 
in the breaking of a chemical bond in an organic molecule. 
Typical organic bond energies are of the order of 2 eV to~ 
9 eV as mentioned in the previous section.
(b) Those interactions in which the energy transfer is equal 
to or only slightly greater than the ionisation potential 
of the outermost electron of the atom or molecule. Under 
these circumstances the electron will usually be released 
but, unless the positive and negative ions are separated 
by an external field, the probability of recombination is 
high. It is possible for superexcited molecules to be 
formed in which the energy lost to the molecule during the 
interaction is in excess of the ionisation potential but 
no electron is liberated. This state can exist only for a 
short time and is called a metastable state.
Co t
(c) Those interactions in which the energy transfer is in 
excess of (h). The electron liberated is free to 
migrate through the medium under the influence of atomic 
or external electric fields. If the electron is 
liberated with sufficient energy it may itself cause 
'secondary ionisation and excitation in the medium.
All of the above factors are in competition for the kinetic
energy of the incident charged particle, the only measurable factor
possible in the scope of this research is the ion-pairs which can be
separated from the parent atom and then collected.
The energy balance equation for an energetic charged particle
brought to rest in a medium may be written as follows (Platzman, 1961)
E = N.(E. + E ) + N E
l i se ex ex
Where E is the initial kinetic energy of the incident
particle
Kh is the number of ion-pairs liberated
E. is the mean ionisation energy of the target
atoms
E is the mean energy of a sub-excitation electronS 0
liberated
N is the number of excited atoms produced ex r
Eex is the mean energy of the excited target atoms •
A sub-excitation electron is an electron whose energy is lower 
than the lowest excitation energy of the target atoms.
The range of values of W is shown in figure l.h. A range of 
both gases and incident particles is shown in this table.
/Contd
Fi
gu
re
 
l.
h.
 
So
me
 
Va
lu
es
 
of
 
W 
fo
r 
Va
ri
ou
s 
Ga
se
s 
an
d 
In
ci
de
nt
 
Pa
rt
ic
le
s
✓“N
/•v •- *a. o U
O o o o
CO o o A XIG x: JC H HO H Em V-/M N—* vO O
00 m OV OVvO m *"«*G <—■ -a-XU w—t o o33 00 vO r 1 • ~
CO sr CO CO sf CM • CO co sr COCO • • • • • • O • • • •
G o o o o o o . O o o oO +1 Pm+ 1 +i + 1 + 1 + 1 + 1 • + l + 1 + 1 +1■U co PmO vO m vO 00 CM CM ov CO CO 00<u • • • • • • • • • • • • • •I—1 vO -MT o vO vO CO vO CM r-~ ' m vO
pa CO co co CO CM co co co CM CM CM CM
m 00 m• • • •
CO o CM 00 o o  o
GO +1 + 1 + 1 + 1 + 1 +1■u 1 I 1 * I 1O vO m vO O ovP4 • • • • • •PM VO »—• 00 vO vO sfCO CO CM CM co co
o o
CM m • 00 ■ — CO• • o • • O • • •o o o o o o o+1 + 1 + 1 + 1 + 1+1 +i + 1 + 1 00 + 1o\ CO
CM o CO CO 00 co o\ «—1 in O vO• • • • • • • • • • • •
vO vO vO CM vO VO -a- -a- dv 00 mco CO CO CO CM co co CM CM CM CO
-a-
33O
CN1
33
CM
O
<•33eg
O
cn
PmPQ
<U
•iM
o3MM
C3<U00
O
u
'd
Po33
G G 0)<U 0) <u G EmS 00 G G r—i 0)3 o 0) G G H G•H u 00 G O ,C Ml Po OrM u Po 0 00 M CM Ml 0) rG Px<U •M X <U u •rl O <U u 4J O33 S3 o 523 < < O X < w PQ
0033co
o
a)
cG
P<o
p* Fr
om
 
re
po
rt
s 
of
 
Je
Ss
e 
et
 
al
, 
Bo
nn
er
 
an
d 
Hu
rs
t,
 
Ha
eb
er
li
 
et
 
al
, 
Sh
ar
p,
 
We
is
s 
an
d 
Be
rn
st
ei
n,
 
Va
le
nt
in
e,
 
Bo
ag
 
an
d 
IC
RU
.
1.6. THE MEASUREMENT OF W
In order to determine -experimentally the value of W for a given 
gas. and incident particle it is necessary to determine the energy of the 
particle and the mean number of ion-pairs produced for each incident 
particle. The determination of the energy of the incident particle is 
dealt with in the chapter describing the energy function experiment. No 
attempt was made to determine the energy of commercial radio-isotope 
sources, these being specified to greater accuracy than would be possible 
to measure using available apparatus.
The determination of the number of ion-pairs liberated requires 
that the charges of opposite polarity be separated and the number of ions 
of one polarity determined. In order to separate the charges, electric 
fields are used whose voltage gradients are sufficient to overcome, to 
as large an extent as possible, the tendency for the ions to recombine, 
either with their original partner or with other ions into whose sphere 
of influence they come. The prime criteria for the design of a suitable 
chamber are the minimisation of recombination and provision of a uniform 
potential gradient throughout the active volume. The major dimensions 
of the electrode system are set by the range of the incident particles 
and their secondary products, energetic electrons, liberated as described 
in the previous section. The gradient of the electric field for which a 
slight deviation produces little or no change in the ionisation current, 
as measured at one of the collecting electrodes, is a function of the 
gas and the ionic species being collected. Both of these factors affect 
the mobility of the ions and hence the mean free path between collisions 
with other ions. The probability of recombination is an inverse function 
of the mean free path in the medium and it is necessary to maximise this 
path by the choice of suitable charge collection, drift potential and 
pressure of gas. Boag (1958) discusses the theory of ionisation chambers 
in some detail.
Two major techniques may be employed in the determination of
the number of ion-pairs liberated for each incident particle. Both
the techniques were utilised in the experiments of this research and
are covered in detail in the relevant experimental chapters. The
%
fundaments of these techniques are, however, set out below.
One method which may be used is to measure the current flowing
12
through a very high value resistor, in this research 10 ohms. It is 
necessary to determine the mean rate of incidence of the charged 
particles in order that an absolute value may be determined for the 
value of W. This technique can be used to measure the less mobile 
ions as it is an integral measurement over a long period of time.
Typical time constants used in these experiments were of the order of 
seconds. A related technique is the measurement of the voltage on a 
capacitor connected to the collecting electrode. The rate of charge 
of the capacitor is a measure of the number of electrons being collected 
in the capacitor. The number of ions liberated and collected in these 
types of measurements are a mean value for a large, known number of 
incident particles.
A second technique is to measure the charge pulse from the 
collection of the fast ions due to a single primary particle. The 
time constants involved in this determination are of the order of 
micro-seconds. Using a charge sensitive pre-amplifier the charge 
pulse can be converted into a voltage pulse and these pulses then 
analysed using more or less conventional electronic systems. From 
accurate knowledge of the conversion factors of the pre-amplifier the 
number of ion-pairs liberated can be determined for each incident 
particle. It is then necessary to determine the mean of a number of 
incident particles for the evaluation of W.
IW T K U U U C T I U N
Different chamber configurations are used in the experiments 
detailed later for the two basic techniques. For the ionisation current 
method a parallel plate electrode system was used, whilst for the charge 
pulse method a grid was added between the two electrodes. The design of 
the parallel plate gridded ionisation chamber was first considered in 
detail by 0. Bunneman (1949). The theory developed in this paper was 
used to determine the electrode spacing and grid dimensions of a system 
developed in this research.
Experimental details and the choice of a technique for given 
circumstances are described in the experimental chapters.
W may be determined either in absolute terms or relative to 
another gas or incident particle. In this research, values obtained 
using fast ion collection are all relative values, whilst those obtained 
using total ionisation current method are quoted as both relative and 
absolute values. This permits a degree of confidence in the results to 
be evaluated by comparison with values from other researchers.
1.7. SOURCES OF RADIATION
Wherever possible, calibration standard radio-isotope sources 
have been used, these being obtained from commercial sources such as the 
Radiochemical Centre, Amersham . For the experiment involving low 
energy protons (250 kev to 1.7 MeV) a Van de Graaff accelerator was 
used. When handling all sources of radiation due regard was paid to 
the I.C.R.P. regulations for the safe handling of sources. The 
handling of Californium-252 sources is well documented by I.A.E.A. (1974).
1.8. THE MANUFACTURE OF APPARATUS
This research being experimentally based, as much of the 
apparatus as possible-being developed and made in the laboratory rather 
than by commercial companies.
Materials used were those readily available and suitable for
short term experimentation. For longer term experimentation, materials
not available for this research would have been required. When high
purity was required, such as in the nitrogen cold-trap fitted to the
%
small vacuum chamber, a good quality stainless steel was used. The 
electrode system is an example of the use of materials suited to short 
term experimentation only. The contamination over long periods of a 
mild steel assembly would preclude any use beyond a period of a year 
without complete stripping down and cleaning of the electrodes and 
insulators.
At the end of each experimental chapter, a design of a further 
experiment is briefly described and suggested modifications to the 
apparatus detailed.
1.9. EXPERIMENTS
The determination of the value of W for alpha particles in two 
tissue equivalent gas mixtures, as well as in some simple gases for 
comparison, is described in chapter three. This experiment was performed 
using the total ionisation current technique and absolute as well as 
relative results are quoted.
The determination of the energy function of W in a mixture of 
Argon (90%) and Methane (10%) (parts by partial pressure) using protons 
between 300 kev and 1.7 MeV is described in chapter five, the experiment 
using the pulse analysis technique. Only relative results are given for 
this experiment.
The final experiment, described in chapter six, is the 
determination of the relative value of W for Californium-252 fission 
fragments in Argon (90%) plus Methane (10%) , again using the pulse 
analysis technique.
TISSUE EQUIVALENCE
2.0. INTRODUCTION
This chapter discusses the concept of tissue equivalence in 
the context of ionometric dosimetry of neutrons whose energy lies 
in the range of those used for radiotherapy. This concept requires 
a knowledge of the composition of human tissue and the effect of any 
change in the atomic composition of tissue sample on the absorbed 
dose measurement. Existing tissue equivalent media will be discussed 
leading to the experimental determination of W for alpha particles in 
two gas mixtures (chapter three).
2.1. TISSUE EQUIVALENCE
Two media may be said to be dosimetrically equivalent for the 
application of the Bragg-Gray equation if the dose absorbed from the 
same radiation field is the same for both media. In contexts other 
than this research, it may be a dose-equivalent or other comparison.
In this thesis, the medium to be simulated is human tissue and the 
radiation field is radiotherapeutic neutrons.
A medium will be tissue equivalent if, for incident neutrons, 
the secondary particle spectrum is identical in the medium and in the 
tissue of interest. For neutrons within the energy range of interest, 
the secondary particle spectrum is as mentioned in 1.4., a function 
of the gross atomic composition of the medium. For a medium to be 
tissue equivalent under these circumstances, it is, therefore, a 
sufficient condition that the gross atomic composition of the medium 
and tissue be identical. For tissue equivalent gas mixtures, however, 
this idealised situation is not realisable due to the unsuitable 
physical nature of the compounds containing the required elements.
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In addition, the realisation of the high oxygen content for 
even a four element model necessitates the inclusion of a high 
percentage of free oxygen which results in an explosive and hence 
unsuitable mixture. This is discussed later.
In practical dosimetric cavity chambers, the gross atomic 
compositions of the wall and gas filling must be identical. The 
reason for this has been explained in 1.5. (Fano, 1954). Therefore, 
it is necessary that tissue equivalent liquids and solids be 
formulated. This is discussed in brief in 2.4.
2.2. THE ATOMIC COMPOSITION OF.TISSUE
As has been previously noted, the primary interactions of 
neutrons in the energy range used for radiotherapeutic purposes are 
a function of the gross atomic composition of the target medium, the 
gross atomic composition being the empirical chemical formula of the 
medium in question. It is, therefore, essential that this parameter 
be considered for various human tissue types.
I.C.R.P. (1974) defines the gross atomic composition of the 
various organs within ’Reference Man*. This concept of ’Reference 
Man* is based upon a typical radiation worker. He is defined as a 
male, of age 20 to 30 years, weight 70 kg., height 1.7m. and living 
in a climate with a mean temperature of 10°C to 20°C. He is Caucasian 
and Western European or North American in custom.
No attempt has been made to quantify the accuracy of the data, 
indeed ’Reference Man* is not intended to represent any specific 
individual, rather a generalised model. In many circumstances, the 
mean of a series of results was not chosen but a weighted value used. 
Any further specification would require a continuous update of 
individuals from various areas to allow for changes in the average 
’standard of living* with its resulting effects on the body.
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This * Reference Man1 specification does not apply to any 
typical radiotherapy patient, but to the generally younger radiation 
worker.
In figure 2.a., the gross atomic composition of various tissue 
types of * Reference ManT are tabulated. The tissues listed were 
chosen as being those of relevance to cancer therapy and to indicate 
the wide range of- tissue compositions.
The major difference between male and female adults as far as 
this treatment is concerned is that of the fatty content of the body.
In figure 2.b., the proportion of the total body weight in the form of 
fat is plotted for 25 year old males and females. Also, the total body 
weight of males and females as a function of age is shown. In ’Reference 
Man1, of the 13.5 kg. of fat 1.5 kg. is essential, the remainder being 
non-essential. In 'Reference Female', the weight of fat is 16 kg., of 
which 1 kg. is essential. The gross atomic composition of the total 
body in males and females is thus subject to this variation in overall 
tissue make-up.
The adipose tissue in figure 2.a. refers to the body's 
connective tissue, this being a tissue of low cellular content including 
closely packed fat cells, collagenous and elastic fibres, lymphoid and 
mast cells, fibroblasts and capillaries. Approximately 14% of the total 
adult male body weight and 26% of that of adult female is adipose tissue 
(see figure 2.b.). Of this adipose tissue, between 60% and 90% is fatty 
tissue. Fat is defined as being the ether-soluble extract of tissue.
The wide range in the composition of the tissue types listed in 
figure 2.a. indicate the necessity to consider the approximations 
necessary in the compounding of a tissue equivalent medium. A detailed 
discussion follows in the next section. In the table, only the most 
abundant elements have been considered and in the case of equivalent gas 
mixtures the composition is limited to Hydrogen, Carbon, Nitrogen and 
Oxygen, due to the difficulty in compounding other elements into a 
suitable gas mixture.
C
Atomic Composition by Weight of Selected Tissue
Types for "References Man". (ICRP, 1975)
^'^gLEMENT
H C N 0 Ca P other Mas s
TISSUE^.
Total Body 10.7 22.9 2.6 61.4 1.4 1.1 70Kg
Total Soft 
Tissue 10.5 23.3 2.5 63.3
0.1 0.3
Adipose Fat 12.0 64.0 0.8 23.3 15Kg
Skeleton 7.2 25.0 3.0 47.0 10.0 7.0 0.8 10Kg
Lung 9.9 10.0 2.8 74.0 3.3 lKg
Liver 10.0 14.4 2.8 66.7 0.3 5.8 1.8Kg
Brain 10.7 12.1 1.3 71.4 0.3 4.2 1.4Kg
Thyroid 10.0 10.5 2.2 70.0 7.3 20Kg
G. I.Tract 10.5 11.5 2.2 74.2 0.1 1.2 1.2Kg
Figure 2.b
Weight of Fat as a Function of Total Body Weight for 
Male and Female Adults. Aged 25.(Caucasian)
80
weight of 
fat(kg)
Female
Male
40
20
12040 80
Total body weight (kg)
In fact, the traces of other elements may be disregarded for
general tissue types (bone excluded). Boron is only present as one
part in 10^ of the total body weight and is evenly distributed
throughout the body. The relatively high thermal neutron cross-section
%
exhibited in Boron compared to that in Hydrogen, Carbon, Nitrogen and
6Oxygen, however, is much less than 10 . Boron may, therefore, be 
disregarded for this consideration.
An ideal situation would be the use of a simple tissue 
composition for equivalence considerations. This has, in fact, been 
used but as an approximation rather than as an accurate representation.
Until the publication of ’Reference Man* by I.C.R.P., there 
have been several tissue approximations. A commonly used formula was
C^5H40^18N^n* (Rossi & Failla, 1956).
Rossi (1956) based his later work on the composition tabulated 
in figure 2.c. and I.C.R.U. (1962) quote a slightly altered version of 
this as shown. The major reports giving data on tissue composition 
prior to the I.C.R.P. (1974) report were the Chalk River Conference on 
Permissible Dose (1949), the sixth and seventh International Congresses 
on Radiology and I.C.R.U. (1959).
The compositions used by Auxier, Snyder and Jones and by Caswell 
are tabulated in figure 2.c., in addition to those mentioned above.
The variation in the compositions indicated in this table 
underline the necessity which existed for the publication of the recent
I.C.R.P. report.
A single tissue equivalent mixture cannot represent the range of 
tissue types of interest and an indication of the error in the 
determination of the dose in a specific tissue by an approximation to 
that tissue may be determined using the data of Auxier, Snyder and 
Jones (1968).
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Atomic Composition of Tissue Models from Various Sources.
Element
H • C
i
N 0 Ca • p Others
Tissue -
10.0 14.9 3.5 71.6
"Rossi Tissue 
(1956) 10.1 12.1 4.0 73.6
Muscle 
(ICRU 1962) 10.2 12.3 3.5 72.9 0.2 0.9
Standard
Man;:. 10 18 3 65 4
(Caswell, 1968)
Wet tissue 
(ICRU 1962) 10 12 4 73
- 1
Bone Femur 6.4 27.8 2.7 41.0 i4;7- 7.0 0.4
"Tissue" 
(ICRU1964,69)
10.1 11.1 2.6 76.2
Auxier
Tissue(1968) 10.4 18.8 3.1 67.7
FIGURE 2. d
Relative Total Contributions to the Dose per Unit Mass of the Interactions 
of 14 MeV Neutrons with the Four Most Abundant Elements in Various Tissues
Target Atom Auxier Total Body Total Soft Adipose Lung "Rossi” gas
H 69.44 73.13- 70.45-- 80.51 68.43 68.43
C 5.87 7.38 7.34' 20.06 3.27 14.30
N 1.26 1.09' 1.03' 0.34 1.20 1 .43
0 23.43 21.72 21.90 8.01 26.4! i 4.04
Absorbed
dose per 100.00 103.31 100.81' 108.92 99.. 32 98.20
unit mass
Percentage
variation 
of dose per
- +3.3% +0.8% + 8.9% -0.7% -1 .8%
unit mass.
In figure 2.d, the table plotted in the previous chapter 
(figure l.f) is retabulated for 14 MeV mono-energetic neutrons in 
'Auxier tissue', and in total body, total soft tissue, adipose tissue 
and lung, all as defined by I.C.R.P. (1974). These tissue types were 
chosen to provide a wide range of atomic compositions for absorbed 
dose comparisons. In addition, the absorbed does for the standard 
Rossi gas mixture is tabulated and will be referred to later in this 
chapter. The contributions to the absorbed dose per unit mass were 
determined by substitution of the atmoic composition of the tissue of 
interest in the Auxier results, using simple comparisons with the 
Auxier composition. This table shows the difference in the absorbed 
dose per unit mass to be 8. between that in adipose tissue and lung. 
Other tissue types tend to have a closer correlation. The application 
of any model tissue such as that used by Auxier et al must be related 
to the deviations in tissue types and the limits of accuracy of the 
results stated in this light.
A short computer program was developed to determine the 
differences in the absorbed dose in various tissue and tissue model 
compositions and to provide full information on the errors involved if 
a dose in one tissue type was used to determine the dose in another 
tissue type. These results are shown in Appendix 1.
Bone has not been closely considered in this treatment, the 
allowance to be made for the high calcium and phosphorus content 
compared to other tissue types necessitating a study beyond the 
confines of this research.
2.3 TISSUE EQUIVALENT MEDIA
In section 2.1 of this chapter, the definition of tissue 
equivalence as related to this thesis was discussed and also 
the gross atomic composition of the tissues to be simulated was 
indicated.
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In this section, the development of tissue equivalent media 
will he outlined paying greatest attention to the composition of gas 
mixtures.
Depending on the application, a tissue equivalent medium may
%
he in gas, liquid or solid form. Whatever the physical state of the 
mixture, there are certain criteria to which it must conform. These 
are basically that it shall be stable, non-explosive, non-toxic and, 
if it is to be frequently used in situations requiring mixture 
replacement, be simple and cheap to compound. In addition, there is 
the essential criterion that it shall simulate the tissue of interest 
so that the dose may be determined in the tissue using the mixture.
Hence, the error in the measured dose in the mixture to that in the 
tissue should be defined. Other criteria such as density and the 
average energy of the chemical bonds in the mixture are of interest 
in specific situations. The criterion of density cannot apply to gas 
mixtures.
Failla and Rossi (1950) formulated a tissue equivalent gas 
mixture to approximate to the empirical formula for tissue (Ct-H^O^gN^. 
The mixture composition was unspecified in the initial report as were 
the energies of the alpha particles and electrons used to determine the 
value of W in the mixture. The values of W quoted in the report were
32.5 eV per ion-pair for electrons and 36 eV per ion-pair for alpha
particles.
A tissue equivalent gel was compounded by Rossi and Failla (1956) 
for use as a material for the construction of ionisation chamber walls. 
Formaldehyde (0.5%) was added to assist the gelling of the mixture. The 
composition of this gel was:
Water 62.2% by weight
Gelatin 20.2%
Glycerol 5.2%
Sucrose 8.4%
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Two gas mixtures were .compounded for use with a chamber whose
walls were of the gel described. The first was an explosive mixture
and as such was not of use for ionometric dosimetry on any scale.
The approximation to the empirical equation was, however, close.
%
This gas had a composition as follows:
/
(
Hydrogen 38.1% by partial pressure
Methane 22.2%
Oxygen 37.6%
Nitrogen 2.1%
The explosive property of this mixture was overcome in a 
second mixture reported in the same paper. The composition of this was:
Methane 64.4% by partial pressure
C02 32.4%
Nitrogen 3.2%
This gas mixture has become a standard and is used by many 
workers. The value of W for this mixture has been determined by 
J. Booz (1972) to be 32.2 eV per ion-pair for electrons. J. Dennis 
(1973) has determined the value to be 30.3 eV per ion-pair for 14 MeV 
neutrons. This value was obtained from a computer determination using 
experimental data from various sources in several gases. The equations 
used for the evaluation of this result are given in chapter four when 
the topic of energy dependence of W will be discussed. I.A.E.A. (1974) 
gives the value of W for this gas to be approximately 29 eV per ion-pair 
for Gamma radiation and 30.5 eV per ion-pair for neutrons of undefined 
energy.
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D. Srdoc (1969) used the second Rossi gas in a modified 
chamber and also produced a slightly modified version of the mixture 
in which the Methane was replaced by the higher hydrocarbon, Propane. 
This; was to improve the pulse characteristics of the chamber. The 
composition of this mixture was:
Propane 55.0% by partial pressure
C02 39.6%
Nitrogen 5.4%
Larson (1958) compiled a different gas mixture also adding 
a higher hydrocarbon, Ethylene, for its pulse properties. The 
composition of this mixture was:
Methane 67.92% by partial pressure
C02 ' 30.01%
Nitrogen 1.74%
Ethylene 0.33%
The value of W was measured by Larson for protons of 1.8 MeV 
from an accelerator. The value obtained was 30.03-0.29 eV per ion-pair,
The composition by weight of the mixtures discussed above are 
tabulated in figure 2.e. The I.C.R.P. (1974) composition for lung and 
adipose tissue are included for comparison. The mixtures of Rossi and 
Srdoc are used as standard tissue equivalent gas mixtures in the 
experiment described in chapter three.
Closer approximation to the gross atomic composition of tissue 
is not easy to realise due to the high oxygen content of some tissues,
such as lung and overall soft tissue. Free oxygen could be used to
boost the maximum oxygen content obtainable using the typical mixture 
but this results in an explosive mixture.
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FIGURE 2.e
Composition by Weight of Some Tissue Equivalent Gas Mixtures
! / ; ........
* Gas Mixture H% C% N% 0%
Rossi(1956) Gas 1
Rossi(1956) Gas 2 
(standard)
Srdoc (1969)
Larson (1959)
9.7
10.2
10.3
11.1
15.7
45.6
56.9
48.0
3.5
3.5
3.5 
2.0
71.1
40.7
23.3
39.0
ICRP(1975)Adipose 
ICRP(1975) Lung
12.0
9.9
64.0
10.0
0.8
2.8
23.3
74.0
As was mentioned in the criteria for a tissue equivalent
mixture, it is not practical for a gas to have explosive properties
for ionometric dose measurements. No attempt can be made to
approximate, even roughly, the calcium and phosphorus content of bone
%
in a gas mixture.
A closer approximation than that possible with gas mixtures 
is realisable using liquids and solids compounded to include, as well 
as the common four elements, elements such as Calcium, Phosphorus, 
Potassium, Sodium, Chlorine, Magnesium and Sulphur. The density of 
the tissue and the energy of the chemical bonding can also be taken 
into account when compounding such equivalent mixtures. Frigerio (1972) 
describes a method by which this compounding can be performed. The 
compositions of two mixtures compounded by Frigerio are shown in figure
2.f.; one to simulate 'standard man', from a definition by I.C.R.P. (1959), 
and one to simulate muscle. The gross atomic composition of these is 
shown in figure 2.g.
Walls of cavity chambers are often manufactured using tissue 
equivalent plastics. Figure 2.h. lists the composition of some of the 
more common of these materials. One criterion for the validity of the 
Bragg-Gray equation, when using neutrons, is that the atomic compositions
of the wall and of the chamber gas be identical. Ethylene can be used 
as the filling of a chamber whose walls are made of polyethylene with 
perfect fulfilment of this criterion.
F.R. Shonka (1958) prepared several tissue equivalent plastics 
for use in thimble counter walls and for other ionometric purposes.
These were compounded with consideration to sensitivity and insensitivity 
to neutrons, Compton effect, photo-electric absorption and electrical 
conductivity, in addition to the over-riding consideration of atomic 
composition. In figure 2.h., the gross atomic composition of the four 
most abundant elements for Shonka tissue equivalent muscle for neutrons 
is shown.
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(Frigerio - 1972)
Component Standard Man ICRP59 Muscle
h2o 53.4681 62.1590
Ca(H2P04)2:H20 0.0629
Ca(N02)2:4H20 8.8385
MgCl2: 6H20 0.4180
Mg(N03)2:6H20 0.2109
HC1: 3.3H20 0.0114
H3 PO4 : H2° 0.5997
(ch20)2p (0)h 3.5526
KHSO.
4
1.3617
NaCl 0.1319
NaHoP0.:Ho0 2 4 2 0.1087
NaOH 0.2609
KOH 0.2870
Glucose 1.8047
Malonomeno nitrile 4.4470
Urea 2.6135 7.4536
1,5 Pentanediol 12.7968
Glycerol 2.6035
Ethylene Glycol 25.2995
Propanol .8925
Dimethyl Sulphoxide 0.6092
FIGURE 2.g
Gross Atomic Composition of the Liquids of Figure 2.f
MEDIUM H C N 0 Ca P S K ' Na Cl Mg
Simulated 
Standard Man
Simulated
Muscle
10
10.2
18
12.3
3
3.5
65.7
72.9
1.5
.01
1
0.2
0.25
0.32
0.2
0.39
0.15 
0.07
0.15
0.08
0.05
0.02
This mixture is compounded as follows:
Carbon." 13.5% by weight
Polyethylene 52.1%
Nylon 28.2%
Silica 2.2%
Calcium
Fluoride 4.0%
The use of a single tissue composition to represent several 
distinct tissue types has been discussed in section 2.2. In figure
2.1., the absorbed dose per unit mass for several tissue equivalent 
media are tabulated in a similar format to the table for tissue types 
in figure 2.d.
From this table and that of figure 2.d., it can be seen that 
the absorbed dose measured using the second Rossi tissue equivalent gas 
mixture will be in some -2.6% error from the actual absorbed dose in 
total soft tissue. If, however, it is a tumour in adipose tissue, for 
example, a tumour of the breast, which is of interest, then the error 
using the same gas mixture will be - 9.8^* Experimental uncertainties 
must be added to these errors to give the total uncertainty to which 
the actual absorbed dose may be determined using the gas mixture in 
question. A more complete table of tissue simulation errors is 
tabulated in Appendix 1.
If it is assumed that it is necessary, by virtue of the 
difficulty in preparing gas mixtures equivalent to all tissue types, to 
use only one gas mixture, then the errors quoted above give an indication 
of the accuracy to which it is necessary to quote the value of W for 
radiotherapeutic purposes.
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Composition*by weight of some Tissue Equivalent Plastics.
MATERIAL FORMULA H % C % N % 0 %
Polystyrene 7.7 92.3 - -
Polyethylene (C2H4)n 14.3 85.7 - -
Nylon (C,H.. 1 NO)n b li 9.7 63.7 12.4
14.2
Bakelite (C?H50)n 4.8 80.0 - 15.2
Perspex
(Lucite) ( W 2 )n 9.1 54.5
- 36.4
Shonka C6£-Ht>Z & 34U
10.1 77.6 3.5 5.2
FIGURE 2.i
Relative Absorbed Dose for Several Tissue Equivalent Media
'•^-^Target atom 
T.E. Mixture «—
H C N 0
Abs dose 
per unit mass
Variation fro 
total soft 
tissue.
Auxier 1968 69.45 5.87 1.26 23.43 100.00 -0.8%
Rossi 1956 (1) 63.08 4.78 1.37 24.87 94.10' • -6.7%
Rossi 1956 (2) 68.76 14.30 1.43 14.04, 98.3? -2 ,§Z
Srdoc 69.11 17.84 1.43 10.01 98.49 -2.3%
Larson 1954 73-81 15.05 0.80 13.48 103.14 +2.3%.
Frigerio muscle 69.11 3.88 1.43 25.47- 9j. 89 -0.9%
Shonka 67.77 24.35 1.43 1.82 95,37 -5.5%
ICRP(1975) Total 
Soft
70.46- 7.34 1.03 21.99 100.82- —
ICRP(1975) Adipose 84.52 •20.06 0.34 8.02 108.94 +8.1% •
2.4. CONCLUSION
With the uncertainty which surrounds the value of W for
tissue equivalent gas mixtures, indeed many other gases, and the
errors involved in the approximation of specific tissue types by a
%
simple equivalent gas mixture, it was decided that the experimentation 
into the value of W could be related to the standard gases mentioned 
in the previous section. An experiment was, therefore, developed to 
provide information on the value of W for heavy positive ions (5.5 MeV 
alpha particles) in the Rossi and Srdoc mixtures. A total ionisation 
current chamber was developed, the details being described in the 
following chapter.
THE DETERMINATION OF W FOR TISSUE EQUIVALENT GAS MIXTURES
3.0. INTRODUCTION
In this chapter an experiment to determine the value of W 
for standard tissue equivalent gas mixtures is described. Alpha 
particles from an Americium-241 radio-isotope source were used. The 
mean energy of the alpha particles from this source, assuming an 
infinitely thin source, is 5.48 MeV (from Lederer et al, 1967).
The total ionisation current method of determining the value 
of W will be described and the design of an ionisation.chamber 
electrode system for use in this experiment and in the energy 
dependence and high mass experiments will also be detailed.
Relative and absolute values for W were determined for standard 
gases, Argon, Nitrogen, Argon (90%) plus Methane (10%) and Air, in 
addition to those for two tissue equivalent mixtures.
It is not intended in this thesis to give a review of the 
experiments of earlier workers. Background information was obtained 
from many sources, some of these being noted in the bibliography of 
this thesis.
Existing values of W for tissue equivalent mixtures are, as 
has been mentioned in 2.4., poorly documented. Existing values appear 
in figure 3.a.
Figure 3.a.
Table of Values for W for Tissue Equivalent Mixtures
GAS MIXTURE W (eV. ip*"1) PARTICLE AUTHOR
Larson (1958)
Rossi (2) 
(1956)
30.03-0.29
32.2
31.44-0.25
protons 
1.826 MeV
electrons
alphas 
(5.47 MeV)
Larson
Booz
Chemtob
(1977)
/Contd
The gases selected as tissue equivalent standards in this 
research were the Rossi mixture:
Methane 64.4% by weight
C02 32.4%
Nitrogen 3.2%
(This mixture will henceforth be referred to as T.E.I.). 
and that due to Srdoc:
Propane 55.0% by weight
C02 39.6%
Nitrogen 5.4%
(This mixture will henceforth be referred to as T.E.2.).
These gases were chosen due to the general acceptance of these
as standards in microdosimetric evaluations. As discussed in the
previous chapter, it is impractical to make a closer approximation in 
the atomic composition to any specific tissue type.
In the experimental sections of this thesis the electrodes of 
the ionisation chamber will be referred to as source and collector 
electrodes and, where applicable, grid. The collector electrode is ’ 
that electrode to which the charge of interest is attracted and then 
detected.
3.1. THE TOTAL IONISATION CURRENT METHOD OF MEASURING W
The two basic methods of determining the value of W have been 
briefly discussed in 1.6. The pulse technique did not lend itself in 
this experiment to the determination of absolute values of W and the 
pulse characteristics of several gases of interest also suggested that 
a slow charge collection technique be used. For particles of known mean 
energy and from a source of known effective disintegration rate the 
total ionisation current or charge integrating techniques were suitable.
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The total ionisation current technique and the charge 
integration technique (i.e. the charging up of a capacitor by the ionic 
component of interest) were both investigated in an initial experiment. 
The experimental set-up for the latter technique is shown in figure 3.b. 
Ionisation was within a simple parallel plate electrode chamber and the 
charge thus generated used to charge a capacitor at the input of a 
vibrating reed electrometer. The capacitor was discharged at regular 
intervals by a solenoid operated switch driven by the circuit at the 
foot of figure 3.b. Electronic components were from the CMOS digital 
range for noise immunity and stability considerations.
By continuous plotting of the electrometer output which was 
monitoring the capacitor potential, an automated series of charge plots 
was obtained. These plots could then be compared for different gas 
mixtures. The potential on a capacitor is directly proportional to the 
charge in the same and, therefore, it is possible to compare the change 
in voltage with time for identical conditions in various gases and 
obtain the relative ionisation per incident particle and hence relative 
W for those gases. For a quantitative analysis it would be necessary to 
digitise the analogue data from the electrometer and to record this data 
for analysis. A data logger was used in this experiment and plots 
obtained for which detailed quantitative information was available.
This technique was not chosen, however, for one basic reason.
For accurate results it was necessary that several charging plots be 
obtained with each charging cycle taking of the order of one hour when 
all parameters were optimised for noise and sensitivity. The acquisition 
of one set of data would take a full twenty-four hours. This period was 
regarded as being excessively long for stability in the electronics and 
for the collection of a complete set of results for several gases. . The 
setting.up of the optimum voltages by looking for the ionisation plateau 
and obtaining information of the gradient of this plateau would take 
longer than was available for this experiment.
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Figure 3.b.
Schematic Diagram of the Initial Experiment to Evaluate the 
Charge Integration Technique of Determining the Value of T7
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Initial experiments with the total ionisation current 
technique showed that a set of- statistically sound results could be 
obtained by logging the potential across a high resistance every ten 
seconds for about one hour. The major criterion for statistical
accuracy was that the total collection time was much longer than the
damping time constant of the electrometer. This was the technique 
chosen for this experiment.
The basic equation for W is:
W = E/N^ where E is the energy of the incident
particle in eV 
N is the mean number of ion-pairs 
liberated per incident particle.
Let the effective source activity as seen by the active 
volume be a particles per second and the electronic
charge be e coulombs.
Then the total charge liberated per second is:
Q = N .e.a. . coulombs. x w
This is also equal to the ionisation current, I, in 
amperes.
Therefore, if the value of I can be determined, the value 
of W can be evaluated for the given system.
W = E.e.a./I ion-pairs per electron volt.
As previously mentioned, the ionisation current, I, can be 
determined by measuring the potential developed across a high value 
resistor in the earth path of the ionisation chamber. This technique 
is described in the following sections.
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3.2. EXPERIMENTAL APPARATUS
(a) Ionisation Chamber Design
A vacuum chamber previously used by J Osborne and
C. R.l Hill (1964) for alpha particle spectroscopy of biological 
and geological samples of low activity was obtained for this 
experiment and the high mass experiment to be described in 
chapter six. Two electrode systems were provided with this 
chamber. One of these was an axial system as shown in figure 
3.c., whilst the other was a focussing source electrode, 
parallel plate, gridded system as shown in figure 3.d.
Preliminary investigations were performed using both systems 
but it was found that even with significant modification, neither 
were suited to the experiment of this research.
The axial system produced the highest resolution of the two 
systems when using a small, low activity, high resolution, alpha 
particle source (Americium-241) and using the chamber in a charge 
pulse made with Argon (90%) plus Methane (10%) as a gas filling. 
Resolution of the 5.48 MeV alpha particle from the above source 
was found to be better than 55 kev F.W.H.M. (1%) in these initial 
experiments. The geometry of this system, however, was suited to 
large area sources not to the small area of readily available 
calibration standard radio-isotope sources.
When performing the initial experiments with the focussing 
electrode parallel plate system, it was found that the arrangement 
of the electrodes caused electric field anomalies and the best 
resolution obtained using the same source and gas filling as 
previously was of the order of 250 kev F.W.H.M. (5%).
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Figure 3.c.
Ionisation Chamber with its Original Axial Electrode System
Central 
Collecting 
Electrode
370
cm
A
250
Cylindrical
Source
Electrode
Cylindrical
Grid
cm
Figure 3d
Ionisation Chamber with its Original Focussing Electrode System
4cm Diameter
Collecting
Electrode
Grid
J50cm Diameter
Source
Electrode
It was, therefore, decided that it was necessary to design 
and build a new electrode system for the accurate determination 
of W, both absolutely and relatively, using the total ionisation 
current technique. At the same time it was found necessary to 
design a pulse chamber electrode system for use in the energy 
function experiment. A possible extension of the system to 
permit the determination of W for heavy fission fragments from 
Califomium-252 was taken into consideration during the design 
stage. It was, therefore, decided that the electrode system 
should be capable of simple modification to operate in the two 
vacuum chambers available (see chapter five for details of the 
larger chamber) and in the pulse as well as the total ionisation 
current mode. A basic requirement of all ionisation chamber 
electrode systems is that of a well defined electric field. 
Whether this is a linear field or not, it is essential that it 
shall be well defined. In this research it was decided that it 
was best for the field to be uniform throughout the active volume 
of the chamber. Rather than copy an existing design the basic 
requirements for the system were laid down and an electrode 
configuration designed to optimise these requirements.
The first requirement of the system was that the electric 
field component normal to the major axis of the electrode system 
be a minimum. Parallel plate systems with a guard ring around 
the collector electrode improves this factor with respect to the 
simple non-guard ring system. However, for the larger plate 
separations, the effect of this guard ring is reduced. The 
requirement is essentially for a uniform potential gradient to 
exist down the ’wall* of the effective volume. A practical 
solution to this was found to be a series of guard rings between 
sources and collector electrodes.
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These could then be connected by a potential divider 
network to ensure a linear potential drop across the chain 
of rings. The 1 earthy1 end of the resistor chain had to be 
connected to true earth rather than the collector electrode 
otherwise the current through the resistor chain would be 
superimposed upon the ionisation current. Insulation between 
electrodes and rings was obtained using P.T.F.E. as the 
non-conducting medium.
Using modern plastics with a well defined but low 
conductivity, it should be possible to make a chamber with its 
walls of this material and hence a perfectly uniform potential 
gradient down these walls. The system would consist of one 
plate electrode electrically bonded to one end of a tube of 
the plastic, the other electrode being insulated from the tube 
and being connected to the detecting circuitry. The earthy end 
of the plastic tube would be connected to the same potential as 
the collecting electrode, thereby maintaining a uniform 
potential gradient between the plates of the system (see figure 
3.e.).
The dimensions of a practical chamber must be such as to 
allow the initial ionising particle and any secondary charged 
particles to lose all their excess kinetic energy within the 
active volume of the chamber. For a 5.5 MeV alpha particle in 
gases at atmospheric pressure a suitable plate separation, when 
the radioactive source is on the source electrode, is 10cm.
The design of a grid for the electrode system described 
here is detailed in chapter five when pulse handling will be 
considered.
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Figure 3.e.
Idealised Ionisation Chamber
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Figure 3.f.
Detail of Chamber Feed-Through and Modified BNC Connector
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The impedance of the potential dropping network supplying 
the guard rings was chosen to be high compared to the output 
impedance of the E.H.T. power supply. The critical impedance 
was that of the grid supply potential divider used in the pulse 
experiments. A suitable resistance between the guard rings was
8.2 M.ohms. The total impedance of the 35 guard ring system 
was, therefore, of the order of 300 M.ohms. With a source 
collector potential of 3000 volts the current through this 
network was of the order of 10 micro-amperes, the power 
dissipation in each resistor 0.9 m. Watt, and the potential 
drop across each 87 volts. With the low power dissipation and 
the use of half watt components the temperature rise in the 
resistors was limited to less than one centigrade degree as 
measured using a thermocouple. This ensured resistance 
stability, minimum thermal noise and minimum outgassing.
Some resistors are found to exhibit severe outgassing when in 
vacuum, even at normal room temperature.
Cost considerations dictated that this electrode system 
he constructed in the laboratory from non-ideal materials.
The electrodes were made from mild steel discs being cut out 
with a fly cutter rather than being pressed or turned, resulting 
in severe burring and distortion of the discs. The burrs were 
removed by filing and using emery cloth. The distortion was 
removed using a fly press with the discs in a specially built 
drilling jig. This jig was manufactured to ensure that the holes 
drilled in the 35 guard rings were in line to better than five 
thousands of an inch. These holes were the locations for the 
P.T.F.E. insulating rods. In order to maintain accuracy of the 
hole positions hardened steel bushes were made and inserted, 
together with location pegs, in a mild steel clamp.
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The use of mild steel for the electrodes was also not 
ideal from the aspect of outgassing under vacuum. In 
experiments where the Jesse effect is of importance this is 
clearly a severe restriction. However, for the experiment 
being described here, the degree of outgassing that was seen 
when the electrodes had been well cleaned and placed in a 
vacuum for several days was not regarded as being significant.
The P.T.F.E. insulators between the guard rings were 
fabricated from 1 m.m. sheet by punching discs out of the sheet 
and then punching a hole in the disc. Three such washers were 
used between each guard ring on each of the six P.T.F.E. 
supporting rods. The use of single thicker discs would have 
been preferable but these were not available within the cost 
restraints of the project. Uniformity and cleanliness were 
the limitations of the fabrication technique used.
The resistors of the potential dropping network were 
soldered to the edge of the discs. Great care was taken that 
spikes were not present at these soldered joints.
The method of connection to the external electronics is 
shown in figure 3.f. and the guard ring electrode system in 
figure 3.g.
The vacuum chamber was manufactured from an unknown type 
of stainless steel, vacuum seals being effected by the use of 
*VORf O-ring seals.
(b) Gas Handling
The chamber was evacuated using a standard rotary pump 
and oil vapour diffusion pump system, designed to fit on the 
same trolley as that to which the chamber was fitted.
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Figure 3.g.
Total Ionisation Current Electrode System
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This necessitated the design of a special liquid nitrogen 
vapour trap which, due to its small size, necessitated that the 
maximum possible surface area be exposed to the vapour stream 
if contamination of the chamber due to backstreaming was to be 
avoided. The vacuum system and details of the nitrogen trap 
are shown in figures 3.h. and 3.i., respectively. Ultimate 
vacuum regularly attainable using this system was 5x10 ** Torr.
Initial outgassing of the system was accomplished using 
electrical heating tapes around the body of the chamber. The 
chamber walls were in this way raised to around 75°C. At the 
same time the chamber was evacuated using the full vacuum system.
The temperature was limited to the value quoted above in order
to protect the *V0RT 0-rings in the system. To reach a stable
-4 . .vacuum of better than 10 Torr under these conditions took two
days. After this, it was not found necessary to repeat the 
outgassing procedure, care being taken that the chamber was at a 
pressure of less than 10  ^Torr at all times between experiments.
The gas mixtures were in all cases of commercially produced 
research grade standard, except for the air which was obtained 
from outside the laboratory building. The tissue equivalent 
mixture containing propane was only available at low pressure 
(less than 100 p.s.i.) due to the tendency for liquification of 
the propane above this pressure. All mixtures were treated with 
care to ensure that the heavier components did not settle out 
and produce a mixture of unknown composition. This was accomplished 
by storing the cylinders on their side and occasionally rolling 
them to inhibit any settling tendency.
No purification or drying was performed, as previously 
mentioned, the Jesse effect being insignificant in any of the 
gases of interest.
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Figure 3.h.
Vacuum and Gas Handling System from the Total Ionisation 
Current Chamber
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Figure 3.i.
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The effect of moisture was checked in three experiments 
by drying Argon, Nitrogen and Air as it was slowly passed 
through a liquid nitrogen cooled molecular sieve. Total 
ionisation currents with and without this drying were noted.
No differences outside the experimental accuracy were observed.
A small, uncalibrated amount of water vapour was introduced 
into a sample of tissue equivalent gas with the same result as 
that found for the dried inorganic gases noted above.
As a result of these humidity checks, it was deciced that 
no attempt need be made to dry the gases further. The only 
possible drying process which would have been possible would 
have been the use of phosphorus pentoxide. It was felt, 
however, that without continual replenishment there would be a 
greater degree of contamination from outgassing of the phosphorus 
pentoxide than would be caused by the very small amounts of water 
vapour present in the mixtures as supplied or introduced in the 
gas handling system up to the point of drying.
(c) Source of Alpha Particles
The source of alpha particles used in this experiment was a 
calibration standard Americium-241 radio-isotope producing alpha 
particles of a mean energy of 5.48 MeV. The source was produced 
by a vacuum sublimation technique and was of low activity 
(0.01 microcuries). This results in a source of very low self­
absorption. The mean energy is, therefore, taken as being that 
of an infinitely thin source. The activity of the source was such 
as to yield 260.5-0.5 alpha particles per second into the active 
volume of the ionisation chamber. This figure was the result of 
a series of ten counts each lasting 100 seconds, and the error 
associated with this figure is the probable error as calculated 
using normal distribution analysis.
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The alpha particle spectrum of this source is shown in 
Appendix 4. The decay of Americium-241 is:
* 241 ^ >T 237, 4
• 95 ---- ^  93 P + 2
The half life of the decay is 458.1 years.
This source was placed at the centre of the source 
electrode, the active component being a thin deposition at 
the centre of a 2.5 cm. diameter, 0.4 mm. thick metal disc. 
Electrical continuity of the source with the electrode was 
assured by the metal nature of the source.
(d) Electronics
A schematic diagram of the electronics used for the total 
ionisation current evaluation of the value of W is shown in 
figure 3.j.
In measurements of this type where small charges are 
involved, it is essential that the level of electronic noise 
be kept to a minimum. To ensure this was so a filtered mains 
supply was used for the electrometer, the E.H.T. supply and 
the data acquisition instruments. All these were referenced 
to a single earth point or floated with reference to the power 
earth if an adequate signal earth path was available. The 
laboratory used for this experiment was, in contrast to that 
used for the accelerator experiment, not subject to severe 
electrical noise from surrounding equipment and the precautions 
taken as noted above were sufficient to ensure a low background 
current in the ionisation chamber and electrometer front end.
The E.H.T. supply (Fluke model 410B) was a very low noise 
instrument of high long term stability and good resolution.
The specification of this instrument is shown in abridged form 
in Appendix 2.
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Figure 3.j.
Electronic System for the Total Ionisation Current Determination of W
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A vibrating reed electrometer was used to measure the
potential across the high value resistor. This electrometer
was a Vibron model 61A. The input impedance of this instrument
was greater than 10^ ohms, and its accuracy when used with an
external metering device was -0.5%. An abridged specification
appears in Appendix 2. The resistor across which the potential
12 +drop was generated was a 10 ohm. -2% 'Vitatron* component.
During initial experiments faults were observed and before any 
results were taken a full re-calibration and servicing were 
undertaken. At the end of the experiment, a further fault 
developed which curtailed any further developments using this 
same instrument. During the bulk of the experiment being 
described, however, the electrometer functioned as a very 
sensitive and accurate instrument.
Using the present day technology, a more suitable electrometer 
could have been used. Such a device is the 1Analogue Devices1 
series of varactor diode input electrometer amplifiers of the 
AD310/311 series. This device has the advantage of being 
smaller and cheaper than the vibrating reed devices. The size 
factor allows the electrometer to be placed much closer to the 
collecting electrode than would be otherwise possible. The 
specification of the abovementioned device, together with a 
comparison of various electrometer devices, appear in Appendix 2. 
This comparison shows that the ultimate performance of the 
vibrating reed electrometer is above that of all the other types. 
However, the long term reliability of these instruments, as found 
in this experiment, is not as good as that of modern, cooler 
running, semi-conductor devices.
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During the setting up of this experiment, it was found 
that the current measured for a given system was a function 
of the room temperature, with a coefficient of approximately 
-1% per centigrade degree temperature rise. This sensitivity 
was finally traced to a P.T.F.E. insulator in the BNC socket 
connecting the collecting electrode to the outside of the 
ionisation chamber. Cleaning this insulator with nitric acid 
followed by ether with careful handling to prevent the transfer 
grease from the hands to the P.T.F.E. reduced this coefficient 
to better than 0.1% per centigrade degree temperature rise. 
However, the insulator was finally removed after which no change 
in ionisation current was noted in the temperature range 10°C to 
30°C.
(e) Data Acquisition System
The method by which readings were obtained from the 
electrometer required development, before values of sufficient 
accuracy, repeatability and resolution could be obtained. The 
moving coil meter on the electrometer was a 2% device, that is 
the error in the needle deflection could vary within that 
percentage compared to a truly linear deflection throughout the 
range; to this error had to be added the error introduced in 
reading the needle. When attempting to obtain a mean of an 
analogue reading as a function of time, great care has to be 
taken that an experimental bias is not introduced by the 
experimenter. The use of a nulling potentiometer to offset the 
errors in the meter movement has a similar biasing limitation. 
Other operators taking results blind can be used but it is . 
impossible to obtain results without a degree of human biasing.
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It was, therefore, essential that the result be obtained 
in a digital form in.a-format from which statistical computations 
of mean voltages could be made.
An output from the Vibron electrometer was designed to 
provide a voltage feed to a pen recorder. The voltage at this 
output was linear to within the 0.5% accuracy specified for the 
electrometer amplifier in the manufacturer’s specification sheet. 
A digital volt meter with an output powering a paper tape punch 
was connected to this pen recorder output. The output from the 
electrometer was sampled by the D.V.M. every ten seconds, a 
period which, whilst sufficiently long for significant change in 
the reading, was not too long, thereby resulting in a loss of 
information. A full run consisted of greater than 400 samples 
and generally of 800 to 1200 samples. Before commencing the 
sampling, the reading was allowed to stabilise for at least 
thirty minutes after reaching a nominally stable value. This 
allowed for any long term stabilising effects as were observed 
and will be described later. The paper tape produced was then 
fed into an ICL 1900 series computer and the mean D.V.M. reading 
determined over the length of the run. The standard deviation, 
probable error, maximum and minimum values were also determined. 
From the standard deviation result and the total range of values 
it was possible to determine the integrity of the run. This was 
not quantised but experience permitted early warning of any 
system instabilities. Standard deviations of less than 0.4% from 
the mean were typical.
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(f) Calibration
The output of thejelectrometer was such that for a full 
scale deflection of the integral meter the voltage on the 
output was 12V. The sensitivity of the electrometer in this 
experiment was such that an input potential difference of ten 
volts produced a full scale meter deflection. It was, 
therefore, necessary that the full system be calibrated. Ideally, 
the calibration should be one of charge. However, no calibrated 
charge source was available and it was decided to calibrate the 
system as a function of voltage. The only section which is not 
calibrated by this process is the high value resistor. It 
remained necessary to determine separately the value of that 
resistor.
The calibration procedure consisted of applying an accurately 
known potential to the input of the vibrating reed electrometer 
and observing the readings obtained on the D.V.M. Using this 
technique the accuracy of the calibration is the accuracy to which 
the applied potential is known and the accuracy to which the
D.V.M. may be read.
• The voltage applied was determined by the use of a precision 
potentiometer referred to a checked calibration E.M.F. cell. It 
was necessary to drop the potential applied to the electrometer 
by a factor of about ten to allow the potentiometer to calibrate 
the full nine volt range of applied potential. Two high stability 
resistors were chosen to give approximately a ten to one drop in 
potential, the current being low enough to prevent any instability 
due to small temperature changes in the network. This potential 
dropping network was calibrated over the range 0 volts to 1.2 volts, 
using the same precision potentiometer. Results were repeated 
three times, potentials of the test being selected at random to 
overcome any hysteresis effects.
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The value of this network was determined to better than
0.1% using this technique. Knowing this, it was possible to 
calibrate the input of the electrometer over the range 0 volts 
to 9 volts whilst the maximum input to the potentiometer was 
within its upper limit of 1.2 volts. Total associated errors 
in the calibration of the electrometer with respect to voltage 
was better than 0.2%. The linearity of the system over the 
full voltage range noted above was again better than 0.1%.
Drift as a function of temperature and as a function of 
time over the two months of the final experiment were both 
within 0.1%.
The total error associated with a relative measurement, in
12which the potential drop across the 10 ohm. resistor was 
determined and compared to the similar result for different 
gases under similar conditions of saturation was, therefore,
4* # 9
-0.2%. Absolute current determinations, however,required that
the value of the current sensing resistor be known, this being
12 + 
nominally 10 ohm. -2%
Several methods were considered to accurately determine the 
value of this current sensing resistor. Finally, however, an 
offer from the National Physical Laboratory, Teddington, to 
measure its value was gratefully accepted. Data from their 
calibration is contained in Appendix 3.
The resulting accuracy of the absolute results was -0.4% 
plus systematic errors from the energy specification, the 
effective 'disintegration rate of the source, and the measurement 
of the voltage drop across the current sensing resistor. These 
contributed a further -0. fa-
The overall accuracy of this experiment was, therefore, 
within -0.6%.
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3.3 EXPERIMENTAL PROCEDURE
Prior to the investigation of each similar gas sample, the
chamber was evacuated to-better than 10  ^Torr. If, however, the gas
sample was not the same as the previous mixture then the differential
-4
pumping system was used to evacuate the chamber to better than 10 Torr.
The chamber was allowed to settle down for about an hour after 
each filling, the E.H.T. being applied during this time. If the system 
was activated immediately after filling the chamber, it was noticed that 
the background current was of the order of 1% of the ionisation current 
with the source in the chamber, the background current being measured 
with no source. Within thirty minutes, this current had fallen to less 
than 0.5% and the rate of decrease after one hour was less than 0.1% per 
hour. The decay of the background noise was found to be very repeatable, 
independent of gas filling. The plot of the noise decay is shown in 
figure 3.k.
This effect was, due either to noise in the E.H.T.or in some 
settling phenomenon in the chamber. The effect was noticed whether the
E.H.T. supply was at standby for some time prior to the gas filling or 
turned on only when the chamber was filled. No time effects in the E.H.T. 
supply were found; an analysis having been made of the voltage ripple with 
the supply’s output both open circuit and connected to the chamber. This 
ripple was measured using a high sensitivity, a.c. coupled millivoltmeter. 
Residual noise levels were well within the specification of the E.H.T. 
supply as shown in Appendix 2. The noise source had, therefore, to be an 
effect of the chamber itself, but no method could be found to determine 
its definite source.
For the above reasons, the current due to background radiation 
and residual electronic noise was accurately determined between one and 
two hours from the start of the run. The ionisation current was corrected 
for this background when using the Americium source.
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Figure 3.k.
Plot of Background Noise as a Percentage of Total Ionisation Current 
Against Time, for Argon
BACKGROUND 
CURRENT %
1-2-
1-0
0-8
0-6
0-2
TIME (HOURS)
In order to determine the ideal field strength at which to 
perform the experiments a saturation plot was determined for each 
test gas. (Two such plots were determined for nitrogen and the 
consistency between these results permitted only one plot to be made • 
for each other sample.) For nitrogen, argon-methane, and the two 
tissue equivalent mixtures, the saturation plots were obtained for 
both positive and negative ion collection. Whilst the saturation 
potential differed between the two ionic charge collections, the values 
of the ionisation current at saturation agreed to within 0.5%. The 
field strength at which the ionisation current was well within the 
saturation region having been determined for each test gas this value 
was used for all subsequent evaluations. This value of field strength 
was chosen to be 1000 volts, across the chamber, above the minimum 
saturation value.
Ionisation currents were then measured for all test gases and 
a mean determined from at least four runs.
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3.4. RESULTS
Figure 3.1.
Table of Experimental Results for the Potential Drop
12Across the Current Sensing (10 ohms.) Resistor
TEST GAS NO. OF RUNS
MEAN POTENTIAL 
DROP
TOTAL SPREAD* 
OF RESULTS
Argon 6 8.44 - 0.4% & &
Nitrogen 4 6.07 - 0.4% 0.3%
Air 4 6.33 - 0.4% 0.3%
Argon/Me thane 4 8.48 ± 0.4% 0.4%
T.E. (Methane) 4 7.13 - 0.4% 0.3%
T.E. (Propane) 4 7.53 - 0.4% 0.3%
Figure 3.m.
Table of Experimentally Determined Values of W (eV per ion-pair)
TEST GAS
Wrel.
(n2=D
rel.
(N2=36.39)
Wabs W
ACCEPTED
Argon 0.72-0.4% 26.2-0.4% 26.3-0.6% 26.3-0.1%
Nitrogen. 1.00 - 36.7-0.6% 36.39-0.04%
Air 0.96-0.4% 34.9-0.4% 35.2-0.6% 34.98-0.05%
Argon/Me thane 0.72-0.4% 26.2-0.4% 26.2-0.6% -
T.E. (Methane) 0.85-0.4% 30.9-0.4% 31.2-0.6% -
T.E. (Propane) 0.81-0.4% 29.5-0.4% 29.6-0.6 -
S 'QJtL 5 OVc accuv^tv^ l.Lj
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(a) Corrections
The results tabulated in figure 3.1. are the mean 
potential drops across the sensing resistor as measured in 
the experiment, with the following corrections:
1. Background Gurrent - This has been covered in the
previous section.
2. Recombination - This topic was treated initially by'plotting, 
for each gas,; the ionisation current I, against i/V2, where
V is the applied voltage. Extrapolation of this gave a
"true" saturation current, (Boag 1966) from which a correction
factor was obtained and applied. Additional tests in the 
pressure range 50 cm Hg to 2 atmospheres showed no significant 
change in results. Therefore the single correction factor was 
applied to cover both general and initial recombination. •
3./. Incident Particle Energy - As mentioned in 3.2.(c), a high
resolution source of alpha particles was used and no
energy corrections were applied. , •
4*X* Backscatter Alphas - Some low energy alphas will be released
by backscatter from within the source and its backing. The
relatively low energy and low flux of these particles did
not require a correction to be made within the experimental
accuracy of ^
VOo
\* .
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(b) Comparison with Accepted Values
The relative values of W for Argon and Air when related , 
to Nitrogen show a very close agreement with ’accepted* values 
as tabulated in figure l.b. The value for Argon determined in 
this experiment is within 0.4%, whilst that for Air is within 
0.2%, both relative to nitrogen (W=36.39 eV per ion-pair).
Also, the absolute determinations in this research agree 
to within experimental error for all three test gases 
(Argon 0%, Nitrogen +0.8%, Air +0.6%).
These comparisons imply confidence in the values for 
Argon/Methane and the tissue equivalent mixture within the 
experimental accuracy stated.
The value of W = 31.2-0.2 eV per ion-pair for the tissue 
equivalent gas mixture is in agreement within experimental 
limits with that of Chemtob et al (1977).
3.5. CONCLUSION
The experimental apparatus described in this chapter has been 
shown to yield results,for the value of W ^  for alpha particles in 
tissue equivalent gas mixtures in which a high degree of confidence can 
be placed.
An improvement to the experiment would be to manufacture the 
electrode system from more suitable materials. These materials would be 
stainless steel for the electrode plates with stainless wire for the 
grid. In this way, contamination problems would be reduced but the method 
of attachment of resistor and grid wires would require more sophisticated 
equipment. An overall higher quality of finish would be desirable. 
P.T.F.E. insulators turned from solid would also be required in place of 
the multiple washers between each plate used in this experiment.
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A further improvement could he obtained by using a solid state 
electrometer such as the Analogue Devices 310J/311J. Whilst the 
absolute accuracy of the device is not quite that of the Vibrating Reed 
Electrometer, the reduction in size .permits closer mounting to the 
collector electrode. This would reduce problems caused by noise and 
others associated with connecting cables at low signal levels.
Data capture in digital form via a magnetic storage system, 
tape or disc, would be suited to this application followed by computation 
on a suitable machine at a later date.
Results which could be valuably obtained would be a repeat of 
those obtained in this research followed by a consideration of further 
tissue equivalent gas mixtures. Accuracy well within that required for 
radiotherapeutic purposes would be possible with such a system and would 
exhibit a greater degree of reliability than exhibited in the equipment 
described here.
THE DEPENDENCE OF W UPON THE ENERGY AND 
MASS OF THE INCIDENT PARTICLE
4.0. INTRODUCTION .
In the basic dosimetric equation for ionising radiation 
described in 1.4. the value W is a major parameter and has been shown 
to be a function of the absorbing medium. The experiment described in 
chapter three determined its value for 5.5 MeV alpha particles in 
various gas mixtures.
It is, however, essential that any further dependencies of W 
be evaluated. The parameters to be considered in the remainder of this 
thesis are the energy and mass of the incident particle.
Clearly, if a significant dependence upon these parameters is 
found, significant enough, that is, to yield an error in the dosimetric
equation greater than that introduced by the practical limitation of
tissue equivalence, a correction should be applied to that equation.
Previous workers have evaluated these dependencies over various 
ranges using several techniques and these have yielded differing results, 
some of these being discussed later in this chapter. It was, therefore, 
decided that experiments should be performed to yield further information 
to this existing data.
The remainder of this chapter outlines some of the previous work 
done in this sphere and also the plan for the two experiments to be 
described in chapters five and six.
The published data on mass and energy dependence are related and,
therefore, the following two sections are somewhat arbitrarily divided. 
The section on energy function will deal primarily with the variable 
energy, low mass particles, whereas that on mass dependence will deal 
with the heavy particles, albeit with a related high energy.
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4.1. THE ENERGY DEPENDENCE OF W
That the value of W should approach infinity as the energy of 
the incident particle becomes less than the lowest ionisation potential 
in the medium in question is intuitive in the definition and understanding
of W. What is not well defined is the behaviour of this value as the
energy is increased from approximately 15 eV to the practical energies 
of relevance in the context of radiation therapy, these being up to 
20 MeV. Clearly, the energy dependence cannot be a step function at the
lowest ionisation potential, this being precluded by the fact the W is
of the order of 1.5 to 2.5 times the mean ionisation potential of the 
medium. It is, therefore, essential that the energy at which the increase 
in W commences and also that the rate of change of W be known.
The discussion in this thesis is, as has been previously mentioned, 
limited to the discussion of the prime secondary particle spectrum from 
the interaction of radiotherapeutic neutrons in tissue. This precludes 
detailed consideration of the electron and photon interaction. Suffice 
it to mention that the same energy dependence is implicit in the definition 
of W for electrons and photons and that experiments have shown the en.ergy 
at which the value of W tends to begin to rise is very low (~1 keV) 
compared to'the energies of interest in this research. A graph of W 
against energy for electrons is shown in figure 4.a. (Srdoc (1969),
Booz (1969), Cole (1969). Booz (1975) reported briefly on a "hump" 
in the electron energy function. This is shown in figure 4.b.
The majority of energy function experiments have used a fixed 
energy source with thin absorbers to reduce the energy of the incident 
particles. This technique has the disadvantage of the energy straggling 
of a beam as it passes through an absorber. Jesse used very low activity 
sources and, using an electrometer, observed the charge generated by each 
incident particle as it was stopped in the test gas.
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figure 4.a.
Plot of W against Energy for Electrons (Srdoc, Booz, Cole)
1. Cole (air)
2. Gerbes (air)
3. Booz (TE Gas)
4. Srdoc (Propane)
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Figure 4.b.
Plot of W against Energy for Electrons in Tissue Equivalent Gas (Booz 1975)
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From this, both relative and absolute values of W were obtained 
for several gases. In one paper(Jesse, 1961) the determination of W for 
alpha particles of energy between 1 MeV and 9 MeV was described. These 
results indicated that W for alpha particles in nitrogen was indeed an 
increasing function as the incident energy was reduced. At 9 MeV this 
value was 2% above that for electrons and at 1 MeV it was 9% higher.
Values for alpha particles in methane were 4.5% and 12.5% higher, 
respectively.
This or similar techniques have been used by several researchers 
and all were restricted by the energy resolution of the incident particles 
being degraded by the use of an absorber and also the limited range of 
particles available. Larson (1958) used an accelerator to produce a beam 
of protons, the energy of which was 1.83 MeV. No results were given for 
any other energy. The technique used by Larson is discussed in chapter five.
The most significant data of relevance to this research has been 
that of MacDonald and Sidenius (1969), Leonard and Boring (1973), Chemto.b 
et al (1977) and Dennis (1973). MacDonald and Sidenius determined the 
relative ionisation in methane from incident positively charged particles 
of energy range 10 keV to 120 keV and atomic number 1 to 22 (figure 4.c.). 
Leonard and Boring obtained results for W using a low energy accelerator 
and a total ionisation current measuring technique. The test gas was that 
of Rossi (TE2 of this research). Their results are shown in figure 4.d.
Recent data from Chemtob et al yielded data for 25 keV to 500 keV 
protons, alpha particles, and Argon ions in Argon and tissue equivalent 
gases. Figure 4.e. shows some of the proton results of interest in this 
thesis. One significant observation was the inversion of the increasing 
trend in XJ as energy was decreased below 350 keV. This is similar to an 
effect observed by Booz (1977) for electrons and also an effect noted in 
chapter five of this research.
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Figure 4.c.
Total Number of Ion Pairs (N. ) Formed in Methane for Heavy 
Ions of Atomic Number 1 to 2^with Various Energies in the Range 
lOkeV to 120kev. (MacDonald & Sidenius, 1969).
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Figure 4.d.
Energy Function Data for Low Energy Protons in Tissue Equivalent 
Gas Mixture (Leonard and Boring, 1973).
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Figure 4.e.
Energy Function Data for Various Heavy Ions in Argon (Chemtob, 1977)
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Other data has been obtained by Boring and Woods (1968), Phipps 
and Boring (1964), Boring et al (1965), Lowry and Miller (1958), Bakker 
(1951), and Stone (1957). Bichsel (1976) has reached the conclusion, 
from available data, that W is constant for protons -of energy greater than 
50 keV or 100 keV. For heavier ions this energy injcreased. and the effect 
was more pronounced. This conclusion will be commented upon in the 
discussion of results in chapter five.
Dennis (1973) has analysed in greater detail the results of 
MacDonald and Sidenius and obtained a semi-empirical relationship between 
W and the energy of the incident particle for organic gas mixtures. In 
this case, the definition of an organic gas mixture is a mixture which 
contains a hydrocarbon component. This relationship is given by the 
following equation -
W_ = w (1.035 + ACzXE/M)"11^ )  (1)
E e
W = W E/(E-Const) (2)
E e
Where W is the value of W for incident particles
E
of energy E
W is the value of W for electrons in the
e
same test gas
E is the energy of the incident particle in keV
M is the mass of incident particle in a.m.u.
A ( z ) s n (z) is the empirical constant for the incident
particles (see figure 4.f.).
Equation (1) applies for incident particles whose energy is below 
1 MeV per a.m.u. whilst equation (2) applies above this energy. Equations 
(1) and (2) are normalised at 1 MeV per a.m.u.
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Figure A.f.
Energy Function Data from the Equation of Dennis (1973)
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When applied to a non-organic gas the equation may be applicable 
with a change in A(z) and n(z). For Carbon Dioxide and Nitrogen the values 
of A(z) and n(z) may be applied if multiplied by 0.626.
Figure 4.f. shows the value of W as a function of energy using 
this relationship for an organic gas mixture. This graph is compared with 
results from this research in chapter five.
From the results of MacDonald and Sidenius and the ensuing 
analysis of Dennis, one of the conclusions was the important role played by 
the configuration of the electrons surrounding the incident heavy ion. One 
could therefore expect the charge of the incident ion to be significant.
This is a very complex problem for the reason that the effective charge of 
the incident particle is reduced as its kinetic energy is reduced due to 
electron capture and loss processes. This is plotted for alpha particles in 
figure 4.g.
Until recently, the existence of an energy dependence in the 
value W has been questionable, primarily due to the limitations of the 
electronics available to the researcher. More recent data has, however, led 
to the confirmation of an energy dependence whilst its magnitude is somewhat 
open to question.
It was, therefore, decided that an experimental system be devised 
and tested to yield more reproducable data on the energy dependence of W. The 
apparatus described in chapter five was, therefore, designed and tested.
4.2. MASS DEPENDENCE OF W
The most significant work to be performed in the consideration of 
mass dependence of W is that of MacDonald and Sidenius (1969) referred to in 
the last section. As can be seen from their results in figure 4.c., the mass 
dependence behaves periodically with the atomic number of the incident particle. 
It was this data which led Dennis (1973) to observe- that the electron 
configuration was significant to the number of ion-pairs liberated.
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Energy and mass dependence of W 
Figure 4.g.
Effective Charge of Alpha Particles as a Function of Energy
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Figure 4.h. shows results obtained using other heavy ions. From 
this, little may be deduced concerning a mass dependence, the result of 
MacDonald and Sidenius and Chemtob being the only ones to yield any reliable 
data independent of energy.
It was,therefore, decided that data on high mass, high energy 
particles could prove to be of value in corroborating some of the results 
previously obtained by other workers. It was considered that much of the 
difficulty in determining the value of W for these particles was the high 
ionisation density produced along the tracks of the ions and hence the 
considerable recombination within the ionisation chamber. A system was 
therefore designed, built, and tested, using Californium-252 as the source 
of fission fragments. This experiment is described in chapter six.
Figure 4.h»
Table of W for High Mass Particles
Particle Gas W
ThC C02 102
The’ C02 99
ThC C2H4 104
ThC’ C2H4 90
ThC He 60
ThC* Hfe 55
ThC H 81
ThC*
z
H 68
ThC
z
CH,
4 111
ThC* CH,
4
96
ThC
C3H6
99
ThC*
7 C3H6
92
Li A+2%BF0 30
ThC1
3
Air ~ 1 36
Li7 Air 27
Po recoil A+5% Air 110
ThC A+5% Air 95
The’ A+5% Air 85
Fission fragments Air 36
Ti (120 keV) CH,4 60
Myers 1968
MacDonald and Sidenius 1969
THE EXPERIMENTAL INVESTIGATION INTO THE ENERGY DEPENDENCE OF W
5.0. INTRODUCTION
This chapter deals with the experimental investigation into the
_  %
dependence of the value of W on, the energy of incident protons within the
energy range 300 keV to 1.7 MeV. The gas mixture used in this experiment was 
Argon (90%) plus Methane (10%).
A Van de Graaff accelerator was used as the source of protons, the 
maximum available energy being 2 MeV. A practical lower energy limit of 
300 keV in the ionisation chamber was set by the beam current and energy 
stability of the accelerator being insufficient below this value. The problems 
associated with electronic noise when low level ionisation pulse signals were 
analysed also became significant below this energy and limited the value of 
any results outside this range.
The use of alpha particles from a radio-isotope source was considered 
for this experiment. The major objection to this approach was that of energy 
straggling through the use of thin absorbers to provide the required energy 
range. The energy resolution of such degenerated particles would be less than 
that obtained using an accelerator over the energy range noted above. The use 
of protons also yields results of more direct application to the problem of 
neutron dosimetry in tissue than would be the case for alpha particles. A 
possible extension of this experiment was to repeat the experiment using 
accelerator generated alpha particles over the same energy range in order to 
evaluate any trend towards mass dependence. This was not, however, performed 
in this research.
In order to provide a leak-proof seal between the accelerator beam 
line under a high vacuum and the ionisation chamber with its test gas at, 
nominally, atmospheric pressure, a *beam window* was designed. In addition to 
the above requirement the energy loss as the incident particle passed through 
the window had to be as small as possible. This is discussed in full in 
section 2.c. of this chapter.
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The design of an ionisation chamber electrode system based on that 
designed for the total ionisation current experiment described in chapter 
three is also described.
These two components were the prime considerations in this 
experiment.
5.1. EXPERIMENTAL TECHNIQUE
The technique chosen for the determination of the ionisation produced, 
when a particle of known energy is incident in the gas of an ionisation chamber 
was the analysis of the fast ion component of that ionisation. This involved 
the conversion of the charge pulse to a voltage pulse and the analysis of the 
pulse height spectrum thus produced. This technique also lent itself to this 
experiment in which the incident beam current was not accurately known.
An alternative technique, the measurement of the total ionisation 
current, necessitates this knowledge of the beam current in addition to the 
current measurement using an electrometer. It is, therefore, necessary that 
either the beam current be very stable so that ionisation current comparisons 
can be made, or that the pulse rate be monitored in parallel to the measurement 
of the current. Investigations into the beam current stability of the 
accelerator used, performed at one energy only, showed a short-term variation 
of in excess of 20% (period 20 seconds) with a long term drift of greater than 
50% (period 1 hour). These results were the result of a run lasting four hours. 
The energy of the incident particles for this evaluation was 1.5 MeV, an energy 
well within the stable range of the accelerator. From this single result it 
was clear that no comparisons of ionisation currents could be made to obtain 
information on the energy dependence of W.
Consideration was given to the parallel measurement of pulse rate and 
ionisation current. The first method considered was the use of an annular 
detector situated in the beam line close to the beam window. This would yield 
a relative beam current measurement which could be compared to the instantaneous 
ionisation current.
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The results thus obtained could therefore be compared at various 
energies. A schematic diagram of the proposed experiment is shown in 
figure 5.a. Such detectors can be commercially supplied although one was 
not available for this experiment. The second proposal was to detect and 
count the fast ion component of the ionisation whilst measuring total 
ionisation current or integral charge as described in chapter three. This 
method was investigated using the apparatus shown in figure 5.b. It was felt 
that this technique should have been suitable for the purposes of this research. 
However, the brief experiment performed showed that the input of the charge 
sensitive pre-amplifier was disturbed by noise fed back from the input of 
the electrometer, this being generated by the vibrating reed system. Erroneous 
counts were thereby introduced when the fast ion component was used to provide 
a count of the incident particles. Attempts were made to remove this 
interference with little success.
Using modern solid-state electrometer amplifiers such as the varactor 
diode types the source of this input noise would be removed and thereby permit 
this technique to be used.
As a result of the above considerations, it was decided that the 
optimum results could be obtained using a pulse analysis system rather than the 
ionisation current measurement system used in the experiment described in 
chapter three.
In comparison, Larson (1958) performed an experiment into the energy 
dependence of W using protons in which the beam current and total ionisation 
current were measured alternately. The beam current was measured using a 
proportional counter technique for 100 seconds followed by a measurement of 
the ionisation current for 400 seconds,using a separate ionisation chamber.
The beam stability of the accelerator used in Larson’s experiment must have 
been greatly better than that of the machine used in this research. Using the 
same techniques the results obtained here would have been subject to an 
uncertainty of greater than 20% due to the short term current instability in 
addition to any drift over the 500 seconds of each run.
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The technique used in this research is described in the following
EXPERIMENTAL APPARATUS
a) General
The source of protons was a 2 MeV Van de. Graaff accelerator 
from which a suitable flux of particles was obtained, their energy 
measured, and an analysis made of the charge pulse spectrum 
produced when these particles were incident in an ionisation chamber.
b) The Source of Protons
A 2 MeV positive ion accelerator was used as the source of 
protons, this accelerator being situated within a suitable cave 
constructed from high density concrete blocks. The range of initial 
energies of the protons used in this experiment was between 400 keV 
and i.8 MeV. The stability of beam current and particle energy when 
the accelerator was operated outside this range being unsuitable for 
accurate analysis of the ionisation charge pulses.
The accelerated beam of particles was energy analysed and 
stabilised by an analysing magnet and collecting electrodes in a slit 
configuration. Figure 5.c. shows the layout of the accelerator and 
its associated beam line. Current stability through the analysing 
magnet coils was one part in ten thousand and the full width at half 
maximum of the. energy analysed beam after the slits had been measured 
by other workers to be 1% at 1 MeV.
The beam current before analysis was of the order of 5 micro­
amperes and after analysis was 1 nano-ampere. This current is equal 
to 6 x 10 protons per second. The accurate analysis of the interactions 
of a single charged par tide, in a chamber whose dimensions were such as 
to permit the complete slowing down of the incident particle and its
secondary products,requires that the rate of incidence of particles
3into the chamber be of the order of 10 particles per second or less.
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This is necessary to ensure that the occurrence of pulse pile-up 
with its inherent degradation of the pulse spectrum is minimised.
The method chosen to reduce the beam current was to scatter the
primary beam through a thin aluminium foil. The primary beam for
the purpose of this discussion is the beam as analysed by the slit
electrode system. A scattering system was constructed as shown in
—9
figure 5*d., using 7500 Angstrom (75 x 10 m) thick aluminium foil 
as the target material and exit ports at 0°, 10°, 45° and 90°. The 
90° port was used to view the target foil* Aluminium was used as 
the target material due to the low energy loss, and hence low energy 
straggling, of the proton beam as it was scattered by the foil. The 
energy loss at 1 MeV was 48 keV with a F.W.H.M. of 27 keV (2.7%).
The experiment was initially designed to use the 10° port from 
the scattering chamber but, due to the requirements of an experiment 
designed to investigate the channelling effect of radiation in crystal 
lattices for application to ion implantation techniques, the experiment 
was finally performed using the 45° beam line. The scattered beam 
was collimated by a one metre length of one centimetre internal 
diameter pipeline. An anti-scatter baffle was situated after this 
section to remove the component of the beam scattered in collisions 
with the sides of this collimating tube. The baffle was constructed 
so as to form effectively an annular disc as seen by the beam but was, 
in fact, constructed in two parts as shown in figure 5.e. This was 
to reduce the restriction on pumping speed of this section of the beam 
pipe which would have been present with a simple single disc baffle.
The pumping speed through the collimating pipeline was low with the 
result that the diffusion pump systems on both sides of this section 
were seen to operate largely independently. That is, the vacuum in 
the line to one side of the collimating section could be different by 
up to an order of magnitude compared with that in the beam line on the 
other side.
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Final vacuua were very close on both sides. The evacuating 
systems are discussed in a later section.
Further beam current control was possible using quadrapole 
magnets at either end of the collimating beam line section. These 
magnets could be controlled separately to focus or defocus the beam 
relative to the beam window (to be described later). It was, 
however, found that using the 45° port of the scattering chamber 
the beam current was sufficiently low in the chamber with a suitable 
diameter window mount and the magnets were therefore not used for 
current control. The magnet situated at the output end of the 
collimating pipe was instead used to check the alignment of the beam 
line, to the beam window.
This was accomplished by using the magnet to bend rather than 
defocus the beam. If there-was any increase in the beam current, as 
seen in the chamber, for a change in magnet current then the beam 
line was not correctly aligned.
The energy of the particles of the beam was determined using a 
surface-barrier detector mounted in a *1*-piece in the line close to 
the beam window into the chamber. See figure 5.f. The detector was 
mounted on a shaft which was retractable into a short offtake from 
the main beam line. In this offtake was situated a mixed, calibration 
grade, 0*1 microcurie, alpha particle source. The components of the 
source were as follows -
Curium—243 5.81 MeV
Americium-241 5.49 MeV
Plutonium-239 5.14 MeV
This source was used to provide a calibration of the surface 
barrier detector against which the energy of the protons of the 
accelerated beam could be determined.
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In order to allow for the energy loss through the material 
of the window, a sample of the window material was used to cover half 
of the detector so that the energy calibration could be performed 
without the window material in the way, but the energy of the protons, 
after having passed through a sample of the beam window material, 
could be determined.
All beam lines, apart from the one centimetre internal 
diameter collimating pipe, were of two inches internal diameter up to, 
and including,the detector fTf-piece. A section of one inch diameter 
line was then used between this point and the effective volume of the 
ionisation chamber. All flanges were sealed using Indium wire.
Two diffusion pump systems were used to evacuate the 
beam line from the analysing slits to the beam window, the accelerator 
being separately evacuated under the control of specialised operators. 
In the experimental beam line one of the evacuation systems was 
attached to the scattering chamber whilst the other was situated 
next to the energy detector at the beam window end of the line. These 
sections were separated from each other by a gate valve and the 
scattering chamber was similarly separated from the accelerator.
All pumps and valves were interlocked by a system operating from 
Penning low pressure gauges. This system prevented the opening 
of gate valves with one section under high vacuum and the adjacent 
section at a pressure higher than 10 ^Torr. Backstreaming of the 
diffusion pump oil into the beam line was thereby prevented.
Ultimate vacuua within all sections of the beam line were better than 
10 ^Torr. All diffusion pumps were protected by liquid nitrogen 
vapour traps, one pump being water cooled and, therefore, protected 
by a water flow sensor. This sensor was, however, of a pressure . 
sensitive type rather than being flow sensitive.
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It was, therefore, essential that great care be taken to ensure
that the sensor was not indicating a safe condition due to back 
pressure from the outlet side of the system rather than from a true 
flow condition. This problem could'be cured by using either a true 
flow type sensor or a better outlet design to reduce back pressure. 
However, due care was taken and no failures of the evacuating system 
occurred throughout the experiment. All pumps were cleaned and 
refilled with the necessary grades of oil prior to the initiation 
of the experiment.
c) The: Beam Window
See figure 5.g.
The design and construction of a window between the evacuated 
beam line and the chamber containing the test gas was undertaken 
after specifying the initial requirements. These were -
(i) To maintain a leak-proof seal between the beam line at 
a pressure of less than 10 Torr and the ionisation 
chamber, at nominally atmospheric pressure.
(ii) The energy loss of the protons through the window should 
-he low enough to permit experimentation at energies-up to 
I-8 MeV, thereby utilising the maximum stable range of 
the accelerator. A low energy loss also implies a low 
energy straggle of the beam as. seen in the chamber! This
is essential when pulse height analysis of ionisation charge 
pulses is being undertaken.
(iii) To provide a suitable flux of particles into the effective 
volume of the ionisation chamber at a known energy. This 
restricts the lower limit of the window area.
(iv) To isolate the particles, once in the effective volume of 
the chamber, from the earth potential of the beam line, 
thereby preventing the collection of the charges of interest 
on other than the collecting electrode, which was, itself, 
at earth potential. trt-A
Criterion (ii) above requires that the window material be of 
a low atomic number. This material should also be of a uniform 
thickness whilst being as thin as possible. All these parameters 
are essential to ensure that the energy loss through the window is 
as small as possible and that the energy straggling of the beam in 
the chamber is minimised. The minimum thickness was limited in 
practice by criteria (i) and (iii). Several window materials and 
design of mount were tried until the final window was constructed.
The first parameter to be set was the cross-sectional area of 
the window. Initial order of magnitude calculations showed that for 
the 10° beam line a suitable flux into the chamber could be obtained 
using a window of 0.33 mm. diameter. Using this information, a 
window Tiras made using-a single hole in a steel vacuum blank fitting 
and with 7500 Angstrom thick aluminium (atomic number 13) as the 
window material. This window was tested for leak-proof properties 
using a diffusion pump system on a low.volume. A low volume was used 
in order to reduce the pumping time for the evaluation of the window 
and also to prevent any failure causing damage or contamination to 
the accelerator and ionisation system which was being set up in 
parallel with the window development. It was found that, using a 
0.33 mm. window and the aluminium film, the system could be effectively 
evacuated with no signs of a leak through the window. This was checked 
hy comparing the decay of the vacuum in the small test volume with the 
window in position and with a blanking piece. No change was noted.
As has been previously noted, it was necessary, due to the 
requirements of another experiment, that the 45° beam line from the 
scattering chamber be used rather than the proposed 10° line. With 
this beam line, it was estimated that the required window diameter 
would be 3.2 mm. (0.125") and this was immediately verified using a 
surface barrier detector with a blanking disc in the position of the
beam window. The use of the thin aluminium film as used in the above
small diameter window was clearly not possible. ,
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The first attempt to produce a window of the required area was 
to drill a matrix of 121 holes 0.33 mm. diameter in a piece of 1 mm. 
thick perspex machined to fit a suitably turned blanking piece.
(All blanking pieces were standard 'Edwards' 1 inch vacuum blanks).
A sample of the 7500 Angstrom thick aluminium film was then carefully 
placed to cover the perspex mount. Silicon grease in extremely small 
quantities were smeared on the mount to fix the film, taking care that 
no grease was anywhere near a hole, thereby producing a film of 
unknown properties. This window was then tried on the test rig when 
it was found that, whilst the film could be supported over a single 
hole of the same diameter , over the matrix of holes one or more holes 
always failed to support the film with the pressure difference applied. 
On further investigation it was found that although the film was of a 
high standard there were very small pinholes in it or. possibly only 
small points where the thickness of the film was slightly reduced.
When only one hole was used the probability was that a defect was not 
in the area of the hole whereas in the case of the matrix the 
probability of a defect being in the proximity was high.
A final attempt to use the aluminium film was made by supporting 
the film on a nylon mesh across a single hole drilled cleanly using a 
0.125" drill and profiling the edge. This also failed.
No aluminium foil of better quality being available, it was clearly 
necessary that a different material had to be found. It was decided 
that a different material should be suitable, exhibiting, typically, 
a lower atomic number (about 6) and higher strength in thin films.
The first plastic tried was VYNS. This is available in powder 
form and can be used to form extremely thin films by dissolving in 
cyclohexanone and dropping small quantities onto the surface of still 
water. Refraction patterns present when viewing a dried sample in a 
suitable support showed the uniformity of film thickness to be high.
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Careful observation of the film as it was stretched ensured 
that there was no preferential stretching at one point in the film. 
Films of good thickness uniformity were obtained by taking great 
care during the stretching procedure. The uniformity was estimated 
by observing the diffraction pattern in reflected light. Films 
produced in this way were found to satisfy the leak-proof criterion 
when using the perspex matrix mount but exhibited a creep over the 
first 24 hours which resulted in a film which could not be used to 
provide the energy calibration as described. On one occasion, the 
creep was sufficient to cause a leak to develop when the sample was 
fixed using grease smeared over the mount surface.
A sample of 2 micron thick polycarbonate was finally obtained from 
Bayer U.'K<. Limited. This was produced for use as the dielectric in 
miniature capacitors. This film exhibited properties eminently suited 
to use as a window material. The film as supplied was resistant to 
stretch, was off sufficient strength to withstand 10 ^ Torr on one side 
of a single 0.125" diameter mount and atmospheric pressure on the other 
aide. The thickness uniformity was also good ensuring a low energy 
straggle, also due to low atomic number, and permitting the energy 
calibration using the detector in the beam line. This film was used 
in the final experiment.
To prevent the creeping of the 20 micron polypropylene and the 
2 micron polycarbonate films when supported on the 0.125" diameter 
mount, a clamp was made using an ?0!-ring bearing on the film.
Figure 5.g. shows various window assemblies used in this experiment.
d) Ionisation Chamber
(i) Original Design 
See figure 5.h.
A large volume ionisation chamber was available for this 
experiment.
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The existing electrode system was a simple parallel plate 
gridded system with no guard, rings and had been used for 
an earlier project to evaluate the value of W for alpha 
particles in Helium at low pressures. A secondary effect 
of the large volume was to reduce the ratio of surface area 
to total volume and hence to reduce the contaminating 
effect of the outgassing from the chamber walls. The 
charge pulse resolution of this system was of the order of 
one percent. This figure was obtained by the previous 
experimenter, Harris (1972), and verified in this research 
using a similar high resolution Americium-241 alpha source 
in Argon (90%) plus Methane (10%).
The chamber was constructed using stainless steel, vacuum 
seals being effected using Viton 'O'-rings. The ionisation 
chamber was thus bakeable at up to 200°G to outgas the walls 
of the system. Any insulated surfaces were by the nature of 
the P.T.F.E. insulators, not raised to these high temperatures 
during baking. Great care was therefore,taken during the 
setting up of the electrode system that all these surfaces 
were carefully cleaned with very volatile solvents so that 
outgassing. would occur at the reduced pressure without the 
raising of the temperature of the surfaces. Parts of the 
body of the chamber remote from the heated part and which 
were therefore regions of low surface area used only VOR 
T0?-rings which were suitable for temperatures up to 100°C.
The window assembly was insulated from the heated section by 
the P.T.F.E. insulators. This was necessary to protect the 
thin plastic window.
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The heating of the chamber under vacuum was undertaken 
as required in order to maintain a high gas purity within 
the chamber. In this experiment the gas used throughout 
was Argon (90%) plus Methane (10%), values from two 
cylinders being compared as a simple check. No changes 
were noted between the two samples. As the mixture was 
identical in all cases, it was not so important that care 
be taken between fillings provided that the lid of the 
chamber had not been opened and that the chamber had been 
left under vacuum between experimental runs. It was, 
therefore, only necessary that great care be taken to prevent 
contamination from backstreaming of the diffusion pump. 
Details of gas handling and evacuation systems are described 
in the next section. It should be noted that whilst the 
simple precautions taken here were suitable for this 
research, they would not be suitable for high purity 
experiments where the Penning (or Jesse) effect is of 
significance.
This chamber and system had been originally designed with 
the experiment of this research in mind with a beam line 
entry into the chamber parallel to the plane of the 
electrodes.
An initial experiment was performed using this electrode
configuration but with an insulated window mount in order
to satisfy the criterion of the window design to prevent ion
collection on other than the collecting electrode (criterion
4). The construction of this mount is shown in figure 5.g.
The problems found during the use of this electrode system
and beam window configuration are described in the section
entitled Experimental Procedure*. As a result of the
problems arising, a new electrode system was designed and
constructed. This is described in the following sub-sections,
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(ii) Final Design
As was mentioned in chapter three, an electrode system 
was designed for use in a total ionisation current 
experiment. One requirement in its design was its 
suitability for use as a pulse ionisation chamber system 
for the experimental investigation into the dependence 
of the value W on the energy of the incident particles 
and also on the type of particle involved, notably protons 
and fission fragments. The basic, design was that of a 
simple parallel plate system with no grid. Modification 
was allowed for in the original design concept to permit 
the inclusion of a suitable grid.
An analysis of the gridded parallel plate ionisation chamber, 
first described by Frisch, was published by Bunemann et al 
(1949) in which grid shielding efficiencies were considered 
and also the potential at which the grid was defined relative 
to the source td collector electrode potential. The gridded 
parallel plate system for use in this experiment was designed 
paying due regard to the values specified by this analysis 
and also paying regard to the suitability of the design to 
be manufactured in the laboratory. The extent to which the 
electric field in the grid-collector volume is affected by 
that in the source-grid volume is given by the 'relationship:
# ~ z w r  x 108 ( ~2W T )
where d is the grid wire spacing
r is the grid wire radius
p is the grid to collector electrode
distance.
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Minimisation of the shielding efficiency must be balanced 
against the condition governing the source to grid and grid 
to collector potentials which produce the minimum grid 
interception to migrating electrons.
Shielding inefficiencies for various wire diameters were 
calculated at varying wire spacings and grid to collector 
distances. The grid and source potential ratios were also 
determined for each set of parameters. In this way, it was 
possible to select the optimum wire diameter, wire spacing 
and electrode spacing.
Initially, the source electrode to grid separation was 
chosen to ensure that the incident particle and its energetic 
secondary particles were slowed down sufficiently that their 
kinetic energy was less than the lowest ionisation potential 
in the gas. This slowing down had to occur fully within the 
volume defined by the grid and source electrodes.
Secondly, a wire gauge was chosen which was readily available 
in a suitable material and which would fulfil the shielding 
equation sufficiently. The wire chosen was 48 s.w.g.
(4.1 x 10 metres) plain copper. This material was selected 
as it was easily soldered to the grid surround,thereby reducing 
the problems of construction, although the handling of the 
thin wire in such a soft material caused some difficulties.
A more suitable material would have been stainless steel, but 
this would have necessitated welding or pegging to produce an 
effective grid. The grid wire’ spacing was chosen to minimise 
the shielding inefficiency whilst permitting the use of easily 
attainable grid potentials. The spacing selected was 1 mm.
Grid to collector distance was chosen to be 4.0 cm.
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The practical construction of such a grid required that a 
former of some sort be made to wind the fine grid wire and 
to hold it at the correct spacing whilst attaching it to 
the grid surround which was a brass disc of similar 
dimensions to the guard rings of the electrode system.
The pitch of an O.B.A. thread is 1 mm. Therefore, a former 
was made using two lengths of studding and the thin wire 
was wound onto this former to produce the required grid.
The wires were then glued to the frame with a rapid setting 
epoxy adhesive and when set the wires of one side of the 
frame were removed leaving a single one mm. spaced grid.
This assembly was then placed against the grid mount and 
the wires carefully stuck to the edge of the frame using a 
slow setting epoxy adhesive. This was used instead of the 
previous rapid setting variety as the next stage was to
solder the wires to the mount and the heat resistance of
the slow setting type was greater than that of the available 
rapid type. When the wires were electrically bonded to the 
mount, the frame was cut away and the wire ends removed.
The result was a grid of even spacing to which could be
attached the potential dropping network to ensure a uniform 
potential field in the volume of the electrode system,as well 
as a separate potential supply to permit the grid to be • 
set at the optimum potential relative to the source electrode 
thereby minimising both general recombination in the source 
grid volume and electron collection by the grid.
Figure 5.i. shows the assembled electrode system with the 
most important dimensions and figure 5.j. shows the stages 
involved in the construction of the grid.
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The mounting of the electrode assembly in the large 
chamber was performed such as to permit the entry of the 
incident particles from the beam line through a window 
situated in the source electrode. This also ensured the 
shielding of the earthed beam line from the effective 
volume of the ionisation chamber. Figure 5.k. shows the 
mounting of the assembly in the chamber.
e) Gas Handling
Research, grade Argon (90%) plus Methane (10%) was used throughout 
this experiment. No attempt was made to purify the gas as supplied 
from British Oxygen, Special Gases Division, but great care was taken 
to ensure that contamination of the gas did not occur after being 
released from the cylinder.
The chamber was evacuated prior to each run using a rough pump 
system followed by an oil vapour diffusion pump system with its own 
backing rotary pump. Details of the system are shown in figure 5.1.
To prevent the possible contamination of the chamber from backstreaming 
of the diffusion pump, a safety interlock system was included, this 
acting from the Pirani and Penning gauges. A liquid nitrogen cooled 
vapour-trap was also provided above the diffusion pump. Ultimate
 g
vacuum using this system was better than 10 Torr with 10 Torr 
regarded as being sufficient for the majority of the runs.
Removal of contamination from the wall of the chamber was accomplished 
by first cleaning using various organic solvents and then removing any 
traces of these by baking the system whilst under diffusion pump 
evacuation at temperatures up to 200°C. This was accomplished by 
the use of heating tapes wrapped around the body of the chamber and 
controlled by a high power variac. This procedure was undertaken at 
the beginning of the final set of experimental runs, absorption into 
the wall of the chamber between runs being restricted by the chamber 
being left at a pressure of less than 10~1 Torr after the run.
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The chamber was not evacuated throughout the period between the 
experiments, it being sufficient to rough out the chamber using a 
liquid nitrogen trapped rotary pump once a week during long periods 
when no runs were undertaken.
The volume that was evacuated by the system described above 
included the gas inlet system. This is also shown in figure 5.1.
Prior to each run the inlet valve was purged with the test gas to 
ensure the removal of any small degree of contamination in the pipe 
from the gas cylinder to the output side of this valve.
In order to prevent the settling of the components of the gas 
mixture, the cylinder was stored on its side and occasionally rotated.
f) Electronics
A schematic diagram of the electronics associated with this 
experiment is shown in figure 5.m. The system was designed to determine 
the energy of the incident particles and to evaluate the charge pulse 
spectrum resulting from the interaction of the primary particles with 
the test gas and to relate these results to the value of W at the 
various energies.
The initial experiments were performed in order to prove that the 
system was capable of yielding results of value and also to improve 
the technique wherever possible. The isolation and suppression of 
electronic noise was a major part of the involvement during this 
period.
Few problems were encountered with 50Hz interference from the mains 
supply as great care had been taken during the setting up of the 
apparatus that all earth lines were taken to a single point wherever 
possible. This included earthing instruments such as oscilloscopes 
through the screens of the signal leads rather than through the mains.
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Mains filters to all electronics removed the mains-borne noise 
to an acceptable level. Fqr the purpose of this discussion an 
acceptable level is one which does not degrade the resolution of the 
final pulse height spectrum by greater than a total of one percent. 
This was checked initially by using a stable pulse generator of very 
high intrinsic resolution and later with'the pulses generated in the 
chamber using a calibration standard alpha particle source.
A severe source of noise was located in the thyristor controlled 
analysing magnet power supply on an adjacent accelerator. Nothing 
could be done to reduce this noice at source so attempts had to be 
made to reduce the level as seen by the electronics described here.
A large amount of the noise was removed using the mains filter but 
this was far from sufficient. Aerial-borne noise was also causing 
interference; the frequency spectrum of the noise source extending to 
high enough frequencies to permit this. Care was taken with all 
screening of leads but the problem was so severe that it was decided 
that the two experiments could not be run together. With this other 
accelerator not in use the residual electronic noise was well within 
acceptable levels.
The charge pulses from the chamber were converted into voltage 
pulses using a charge sensitive pre-amplifier. These pulses were then 
amplified and shaped using a differentiating and integrating circuit. 
The time constants of this shaping process were adjusted so that the 
integrating time was sufficiently long to ensure the collection of all 
of the fast ion component. The pulses were then fed to a multichannel 
analyser adjusted to analyse the spectrum of the pulse heights from 
the foregoing system.
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A pulse stretcher and biased amplifier was used during the 
setting up experiments to ensure pulse compatability with the 
multichannel analyser. This analyser was an eight hundred channel 
instrument with outputs suitable for X-Y plotting and teletype 
output. During the final analysis both these output systems were 
used, together with a paper tape punch driven by the teletype.
The system for analysing the beam energy was similar, taking 
charge pulses from a surface barrier detector mounted in the beam 
line. Full details of the energy determination appear in a later 
section of this chapter.
The calibration of both these systems was undertaken in a similar 
way using a precision pulse generator with normalising facilities to 
inject pulses, matched to those from the chamber or beam-line detector, 
into the test input of the charge sensitive pre-amplifier. Careful 
use of the pulse generator permitted the accurate calibration of the 
multichannel analyser for both systems. Full details of the calibration 
technique, together with a severe error discovered in the use of this 
method are described later.
The E.H.T. supplied to the ionisation chamber electrodes was from 
two separate sources. The source to collector supply was fed from a 
10 kV Fluke power supply of very low intrinsic noise level (see 
Appendix 2) whilst the grid was supplied from an older but more easily 
adjusted 4 kV supply. Technically, it could have been better to have 
used the lower noise supply for the grid supply but for ease of 
operation it was chosen to use the supplies as noted above. A short 
run was performed using the Fluke supply for the grid supply and the 
older instrument for the source supply. No change was seen in the 
pulse resolution from a calibration standard source when using the 
final electrode configuration with the supplies in either position.
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The supply to the surface barrier detector was generated by a 
stabilised supply fitted in a standard NIM module in a 19 inch 
rack system.
All the electronics was maintained in as compact a configuration 
as possible, two 19 inch racks, each six feet in height housing the 
majority of the electronics. This included the vacuum control for 
the beam lines. The multichannel analyser and the associated outputs 
were situated adjacent to another experiment, signals being fed by a 
single co-axial lead about twenty feet in length. Care had to be 
taken to match this line and to feed suitable shaped pulses from the 
pulse shaping amplifier system.
5.3. EXPERIMENTAL PROCEDURE
a) Determination of Proton Energy
As was mentioned in the section dealing with the apparatus 
constructed for this experiment, a surface barrier detector was 
positioned in a retractable mount in the beam line. This detector 
was used to determine the energy of the protons of the accelerated 
beam. The energy of the beams on this detector could be determined 
by simple comparison with a calibrated source of particles but it 
was necessary to determine the energy of the particles after they had 
passed through the material of the beam window. This required that a 
modification of the basic technique be adopted.
In order to represent the energy loss through the material of the 
beam window a small sample of the window material was taken from the 
same piece, of material as the window itself. This ensured that the 
two thin films were as identical as possible. Half of the detector 
was then covered with the film as shown in figure 5.g. It was then 
possible to determine the energy of the proton beam before and after 
it had passed through the beam window.
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Using this technique assumed that the energy loss through the 
sample was the same as that, through the beam window itself. Taking 
both the window and the test samples from adjacent points on the 
sheet of material obtained for the purpose,the thickness of the films 
were as near as possible identical and not subject to any variation which 
may occur across the sheet. The only differences in energy loss through 
the window and through the detector sample was that due to thinning 
of the film by curvature in the beam window mount. The design and 
construction of the window mount was such as to reduce this contribution 
to as low as possible. The mount permitted the film to move slightly 
rather than to curve thereby reducing the stretching over the small 
area of the window itself. Any thinning, albeit very small, would be 
counteracted, in part'or in whole by the increasing path length of the 
protons passing through the curved film. Estimates of these
L,
contributions showed that the error in energy calibration due to 
dissimilarities in the films was less than 0.3%.
The detector system, including the multichannel pulse height 
analyser, was calibrated in a similar manner to the ionisation chamber 
and full details will be dealt with in the next section. It is
sufficient to say in this section that the energy of the protons beam
was compared to the energy spectrum from a mixed, calibration standard, 
alpha particle-source. The composition of this source was as follows - 
Curium-243 5.81 MeV
Americium-241 5.49 MeV
Plutomium-239 5.14 MeV
Activity of source (total) - 0.1 microcuries
In the final experiment the calibration was performed using only 
the Americium component, it having been checked that the other 
components agreed well with the full calibration in the earlier 
experimental runs.
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b) Calibration of the Ionisation Chamber
It was decided that the results of this experiment should be 
self consistent with no attempt being made to obtain an absolute 
value for W. Absolute figures for higher energy alpha particles 
were provided by the experiment described in chapter three. The 
chamber was therefore calibrated in such a way as to permit reliable 
comparisons to be made between results of different runs.
The calibration technique initially assumed that the response of 
the chamber was linear with respect to the number of ions produced 
per incident particle, that is the charge pulse was directly proportional 
to the number of ions in the pulse. It was then necessary to calibrate 
the charge sensitive pre-amplifier, the pulse shaping amplifier, any 
pulse stretching and biased amplifiers used, and the multichannel 
analyser itself. This was performed by injecting pulses into the test 
input of the charge sensitive pre-amplifier and, with known settings 
of the various instruments noting the channel of the analyser in which 
the pulse appeared. The input pulse height was then changed and a 
series of calibration points thus obtained. The pulses injected into 
the charge sensitive pre-amplifier were obtained from a precision pulse 
generator (see Appendix 2 for specification). These pulses were an 
accurately linear function of the 1pulse height1 setting control of 
this instrument. In order to normalise the setting of this control, 
a second control was provided. This control was adjusted in such a 
way that the pulse height control could be set to a specific value as 
read from a rotary vernier attached to the spindle of the control and 
the actual pulse height adjusted to be identical to that from a single 
calibration source. This facility was used in the energy calibration 
where the Americium-241 peak was used as the primary calibration point 
(5.486 MeV) and the pulse generator used as a transfer standard.
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Assuming the controls of the pulse generator were always the same for 
different runs it was possible to obtain direct comparisons between 
the runs. The full calibration was performed prior to and at the end 
of each day’s runs to ensure that no drift had taken place. This was 
found to be necessary as drifts of the order of one to two channels 
were seen between runs separated by a week or two. No changes were 
seen in a single day’s comparison. Checking before and after the run 
was, however, continued as a safeguard.
With the energy analysis system and the ionisation chamber thus 
calibrated, it was possible to compare the number of ions produced by 
any one incident particle and then to compare these results for 
different energy protons.
c) Ionisation Measurement
At the beginning of each run the chamber was first evacuated and 
then filled with the gas mixture as described in the section on gas 
handling. The energy analyser and the ionisation chamber were then 
calibrated.
The potentials of the source and the grid electrodes were set to 
an optimum value to ensure that the level of recombination was kept 
as low as possible. These levels were determined, in initial experiments 
by comparison of pulse resolution at various settings. At first, the 
source of particles for this was an Americium-241 source but the final 
settings were made using the proton beam at several energies. It was 
at the initial stage that it was realised that the ionisation chamber 
system which had been provided for this experiment would require 
significant modification despite several changes having been made prior 
to the initial experiments being commenced. The main problem was one of 
the setting of the potential of the beam window. This had to be close 
to the potential of the source electrode to ensure that charge 
collection did not occur on any but the collector electrode.
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Pulse resolution could not be made to approach that expected 
from the radio-isotope initial experiments so it was decided that a 
major re-design of the electrode system should be undertaken. It 
was also decided that the direction of entry of the protons should 
be along the central axis of a parallel plate system rather than 
parallel to the source electrode, as in the initial chamber design.
In this way, the final electrode design replaced the initial design. 
Details of both these configurations were discussed in the section 
on apparatus.
Each run consisted of a set of results taken at different incident 
energies. These energies were over as large a range as was practical. 
This was limited by the maximum stable energy available from the 
accelerator, less the energy loss through the beam window, down to the 
lowest level which could be resolved by the pulse height analyser 
system. This was where it was essential that the residual noise from 
the system was reduced to as low a level as possible. The practical 
lower limit on the energy was 300 keV as seen by the ionisation 
chamber.•
Data from the multichannel pulse height analyser was obtained as 
a teletype printout plus a punched paper tape if required. An X-Y 
plotter was used to provide an immediate hard copy of the pulse height 
spectra. These were not used in any analysis but were used to check 
the system and to provide a record against which the teletype printouts 
could, if necessary, be compared,
d) Data Analysis
Rather than spend a significant period of time programming a 
computer it was decided that a better option was to use a large 
programmable calculator which was available and to determine the 
relative ionisation produced by the various energy protons.
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The calculator used was a Hewlett Packard 9100A with a linked 
graph plotter. The channel numbers of the various pulse height 
spectra peaks were determined by a visual interpretation of a 
smoothed histogram produced from the teletype printout. Whilst this 
took of the order of a day to perform for each dayfs run, it was 
felt that this was still preferable to using a complicated programme 
in a large computer. This also permitted a faster absolute turn 
round time as the delays in the larger installation could be severe 
and it was essential that results be verified as soon as possible to 
permit changes to be made in the apparatus prior to the next run.
Calibration of the multichannel analyser for both the incident 
proton energy and the ionisation chamber itself were evaluated using 
a least squares regression technique, assuming the calibration graph 
to be linear over the range in question. This is a valid assumption 
to the accuracies which were possible in this experiment.
From these results a graph of relative ionisation against proton 
energy was plotted for each run and then all the runs collected on a 
single graph. This graph appears in the section dealing with the 
results.
(e) Various Observations from this Experiment
During this experiment several problems were encountered and were 
overcome as described in the text. Three points were, however, 
observed and some time spent in analysing their significance.
(i) For the first half hour of any run electronic noise from 
the ionisation chamber was greater than that after the 
initial period. This phenomenon was similar to that 
observed in the tissue equivalent total ionisation current 
determination. Similar attempts were made to determine the 
cause of the electronic noise but beyond rejecting the E.H.T 
power supplies as being the source no conclusion was reached
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The problem was overcome by careful planning of the 
experiment which allowed for the chamber to be filled 
and subjected to the E.H.T. for in excess of forty-five 
minutes before obtaining any important results.
(ii) When the first results were plotted from both the initial 
and final ionisation chambers an unexpected result was 
obtained. Plotting Energy upon pulse-height against 
Energy (^re  ^vs energy) produced a curve in which 
Wrel decreased as the incident energy was reduced. This 
was in contradiction to the expected result. The source 
of the error was found by plotting a graph of pulse-height 
against energy. Assuming that at the higher energies 
(greater than 1 MeV for protons) W is constant, the plot 
of pulse height against energy for these higher energies 
should produce a straight line through the origin. A line 
with a positive intercept on the pulse height axis was, 
however, observed. Shifting the graph such as to produce a 
line through the origin and transferring these results to a 
plot of against energy produced a curve more closely
approaching that predicted and seen by other workers. The 
cause of this axis shift was then investigated. No cause 
other than that of incorrect calibration could account for 
the positive pulse height at zero energy predicted by the 
high energy part of the pulse-height against energy curve. 
The calibration was, therefore, carefully checked. No 
intrinsic fault in the system used for the calibration could 
be found. The procedure was then performed by a colleague 
and the same results obtained. Eventually the cause was 
traced to the input of the charge-sensitive pre-amplifier.
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This was the only part of the apparatus in which the 
calibrating pulses were separate from the experimental 
pulses. The specification of the test input to the 
amplifier was such as to permit accurate calibration but 
for some reason this input had become degraded since 
manufacture, and calibration could no longer be performed 
using the test input. In order to overcome this problem 
the pulse generator was terminated with a capacitor and a 
true charge pulse thus fed into the main input of the 
pre-amplifier. Calibrations thus performed removed this 
apparent positive intercept with the pulse-height axis.
The results subsequently obtained resembled the predicted 
results more closely.
(iii) One inconsistency in the against energy plot remained
in the final results. This was a drop in W  ^at the lowest 
energy available. Results were limited in this region but 
the point appeared consistently in all runs. This will be 
discussed in greater detail in the section dealing with 
results.
It was intended to continue the experiment to determine the 
form of the curve in this low energy region but the apparatus • 
was not available for this to be performed. The results which 
were obtained all indicated an inconsistency at the lower 
energy end of the results and a degree of information on the 
shape of the curve was provided.
(f) Experimental Accuracy
The accuracy of the experimental results depended on the following
major sources of error.
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(i) The accuracy to which the energy of the proton:energy 
calibration source was known. Using a calibration 
standard radio-isotope source the energy of the radiation 
was known to better than 0.1%. This source of error 
could, therefore, be ignored in this experiment.
(ii) The calibration of the pulse height analysis system 
for the determination of proton energy.
The errors in this process were due to the error in 
setting of the pulse height of the pulse generator and 
the accuracy to which the pulse channel could be determined 
The linearity of the pulse-height control, together 
with its vernier read-out, was specified to be better 
than 0.1% The channel in which the pulse peak was 
situated was determined to within one channel. These 
errors were treated in the least squares analysis of 
the calibration results. The maximum error from this 
source was 0.2%.
(iii) The calibration of the pulse height analysis system for
the determination of the relative ionisation at given
energies. The errors introduced due to this process 
were the same as that of part (ii) above, i.e. 0.2%.
(iv) The determination of the energy of the incident proton
from the calibrated pulse-height analysis system.
Two sources of error were introduced in the energy 
determination. These were firstly the determination of 
the peak analyser channel and secondly the difference in 
the energy loss through the beam window to that through the 
film attached to the beam energy detector. The resolution 
of the pulse height analyser system attached to the beam 
energy detector was such as to give an uncertainty in the 
peak channel of less than plus or minus two channels (0.3%)
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The similarity of the two thin films, one on the window 
and one on the beam monitor limited the accuracy to which 
the energy in the chamber could be determined. The maximum 
error in uniformity of thickness as quoted by the 
manufacturers was 2%. Non-elastic thinning of the film 
during evacuation of the chamber was not measured but care 
was taken in the design of the mount to limit the effect.
The error would be within 1% from this source.
The total contribution from this section is 3.3%.
(v) The determination of the relative ionisation from the 
calibrated pulse height analysis system.
The main contribution to error in this section was the 
accuracy to which the peak channel could be determined.
Using the three point smoothing technique the peak channel 
was determined in all cases to better than plus or minus 
three channel and frequently to within plus or minus two 
channels. This gave an error contribution of 1.0%.
The total estimate of the error associated with any results in
• • +
this experiment was, therefore, - 4.'8%.
5.4. RESULTS
A series of a total of ten runs was performed, each over the maximum 
available energy range, the final six runs being taken as representative with 
the system fully set up. Early results with the thicker polypropylene are 
included in this figure. The final four runs were performed using the 2 micron 
thick polycarbonate film for the beam window. The thinner window permitted 
higher energies to be reached.
In figure 5.n., the graph showing the combined results is plotted.
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These results show that for protons in a mixture of 90% Argon plus 
10% Methane the value of W is a constant down to an energy of 1 MeV below 
which it increases until at 0.5 MeV it is 17% above the value at high energies.
At lower energies, however, an inversion was seen to take place. This is not 
covered by the expected performance of the W function. The low energy point 
was present in all runs below 0.4 MeV but due to difficulty in setting the 
energy of the protons from the accelerator at below this level the range of 
results is somewhat limited.
In figure 5.O., the results from this research are plotted together 
with the results of Chemtob et al (1977) and the curve from the equation of 
Dennis (1973).
The results of this research do not show the increase in W predicted 
by Dennis at energies above 1 MeV. Additionally, the curve below 1 MeV increases 
at a greater rate than that predicted by Dennis. The inversion of W at 450 keV 
found in this research is not covered by the equations. However, the results 
of M. Chemtob et al show an inversion at 350 keV generally in agreement with 
the results of this research. Additionally, Booz (1977) reported a similar 
inversion for incident electrons. At this time, no explanation has satisfactorily 
described this apparent anomaly.
This research, together with the data of Chemtob and Dennis, suggests 
that the energy above which W may be regarded as being constant in somewhat above 
the value of 50 keV to 100 keV proposed by Bichsel (1976). The energy implied 
by this experiment and that of Chemtob et al is of the order of 1 MeV whilst 
the Dennis equation implies nearer to 10 MeV.
If absorbed dose data is required to an accuracy of better than 5%,
—  . . .  "WIOT-C
then the value of should only be used for incident energies of -looo- than 
750 keV (this research). The data of Chemtob yields an energy for similar 
accuracy of about 500 keV.
This data is, however, of little significance to the determination of 
the absorbed dose from 14 MeV neutrons. The value W^ may, therefore, be
applied for such neutrons if the accuracy is required to no better than 2% to 37
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5.5. CONCLUSION
Further experimentation is necessary to verify the low energy 
inversion of the W graph. This should cover an extended lower energy range 
and a different method of energy determination. An uncertainty must remain 
whenever two samples of a film are used for the beam window and the beam 
energy detector. The ideal method of overcoming this problem is to use a 
window with no film covering. This implies that the beam-line pumping system 
should be sufficient to overcome the leak from the chamber through the window.
It would also be necessary for the chamber to be continually flushed with test 
gas in order to maintain a constant pressure within the active volume. The 
beam detector could then be used to measure the energy of beam without the 
necessity of using a sample of window material.
A further improvement would be to use the total ionisation current 
technique to determine W. Using the modern solid-state electrometer amplifiers 
previously mentioned, it should be possible to determine the total ionisation 
current at the same time as determining the pulse rate in the chamber using a 
simple counting system. This will more readily yield absolute values compared 
with the relative values determined in the experiment described in this chapter.
A wider range of test gases could then be evaluated without the 
complications of spectral resolution associated with lower electron mobility 
in some gases. Using a suitable accelerator heavier ions could also be used as 
the incident particles and a comparison obtained with the results of MacDonald 
and Sidenius (1969).
THE EXPERIMENTAL INVESTIGATION INTO THE MASS DEPENDENCE OF W
6.0. INTRODUCTION
The experiments described in the previous chapters have dealt 
with the consideration of incident particles of low mass, energy, and 
charge. In chapter four the consideration of energy and mass dependence 
of W was discussed and the experiment described in this chapter was 
designed to determine yield information on particles of very much greater 
mass and energy.
A suitable source of such particles is Californium-252 which 
decays by spontaneous fission. These fission fragments were used in this 
experiment as the primary ionising particles.
6.1. • EXPERIMENTAL APPARATUS
a) Ionisation Chamber
As was mentioned in chapters three and five one parameter 
which was considered in the design of the electrode configuration 
of the systems used in the experiments previously described was 
that a modification should be possible to yield a system whicti 
could be used for the experiment being described. Range
J
calculations proved that the dimensions of the electrode system 
used for the energy dependence experiment were valid for this 
experiment (figure 5.i.). The only modifications were to permit 
the use of this configuration in the small vacuum chamber as used 
in the tissue equivalent gas experiment
b) Source of Fission Fragments
The radio-isotope source used in this experiment was a 
calibration standard source as supplied by the Radiochemical Centre 
at Amersham. Relevant details of the source is shown in figure 6^a.
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Figure 6. a.
Fission Particle Spectrum of Californium - 252 (Bertin, 1974)
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The activity of this source was such as to yield 48-0.2
# *f
fission fragments per second and 814-1 alpha particles per second 
into the sensitive volume of the ionisation chamber. These 
figures were determined over a period of one hour using multi­
channel analyser data. The alpha particle contribution was the 
sum of the 6J.2 MeV and 6.08 MeV components.
This source was placed in the conventional position, for fast 
component collection, on the cathode. The substrate of the source 
was electrically continuous with the electrode, the total thickness 
of the source (0.4mm.) being small enough to have minimal effect 
on the electric field within the region of interest.
Correct handling of the source was essential. The major 
concern as regards the safety of this source is its neutron content 
and more severely its self transfer property. The surface coating 
of the source was very thin to minimise the self absorption and as 
a result great care had to be taken to avoid any damage to this 
coating.
The property of self-transfer mentioned above is the transfer 
from the source of daughter products to the surrounding environment. 
The daughter products of interest are the fission fragments, these 
being energetically released and then deposited on surrounding 
surfaces. These daughters are generally radio-active themselves.
Handling precautions are well documented in I.A.E.A. (1974).
c) Electronics
A schematic diagram of the electronics system used in this 
experiment is shown in figure 6.b.
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Figure 6.b.
Electronic System for Fission Fragment Experiment
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A system of pulse handling very similar to that used for the 
energy dependence experiment was used in this experiment, the 
dynamic range of the system being from the 6 MeV alpha particles 
at the low energy end to the fission fragment peak at 104 MeV at 
the high energy end of the range.
Two multichannel analysers were used, the first being a 256 
channel instrument used for setting up and a 400 channel instrument 
used in the final experiment. The 256 channel instrument would 
have been sufficient for the entire experiment except for an 
intermittent shift of about ten channels. Whilst this could be 
carefully controlled and any results with this shift ignored, it 
was decided that the other analyser should be used. The linearity 
of the 400 channel analyser was checked using a precision pulse 
generator and determined to be better than 0.1% over the widest
range used throughout the experiment.
Pre-amplifier and pulse-shaping amplifiers were similar to 
those used in the energy function experiment, the pre-amplifier 
being a new device thereby removing the calibration anomaly observed 
in that experiment. It was carefully checked and no sign of a 
similar characteristic was noticed.
The E.H.T. for both the source and the grid electrodes was 
generated from the same Fluke power supply. The grid supply was 
derived from a potential divider network external to the chamber.
It was this network that set the minimum value of the guard ring 
resistors in the electrode design. It was essential that the 
impedance of the guard ring resistor network was higher than that 
of the grid supply to ensure correct setting of the grid potential.
Channel content information from the multichannel analyser was 
obtained in the form of a punched tape and as a simple channel 
listing. The punched tape was used to provide a graphical 
representation of the spectrum for record purposes only.
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All calculations were performed using a Hewlett Packard 9100 
series programmable calculator with plotting attachment. The 
peak channels were determined from a simple plotting programme 
and this information fed into a calibration equation derived from 
a procedure described in a later section. Relative ionisation 
was, therefore, calculated and a value of relative values of W 
obtained using the known energies of the fission fragment spectral 
peaks.
d) Gas Handling
The gas mixture used throughout this experiment was Argon (90%) 
plus Methane (10%) to a research grade standard. This mixture was 
chosen as before for its excellent charge pulse characteristics.
No attempt was made to dry the gas or to remove any small 
impurities. Contamination was reduced to a minimum by evacuating 
the chamber to better than 10 Torr prior to filling. Between 
experiments the chamber was either kept at a vacuum of better than 
10 Torr or at a pressure in excess of atmospheric with a filling 
of the test gas. This prevented contamination from atmospheric 
components.
The gas cylinder was stored on its side to prevent any 
possibility of the two components separating out. In order that 
any errors due to gas handling did not affect the final result, 
great care was taken to ensure that the same procedure was adopted 
for each run. This was sufficient due to the relative nature of the 
experiment, all information being compared to that from the alpha 
particle component of the source.
The gas handling system used in this experiment was identical 
to that used for the tissue equivalence evaluation as shown in 
figure 3.h.
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The pressure of the gas in the chamber was chosen to be 
sufficient to ensure the complete stopping of the fission fragments 
and any daughter products, chiefly the energetic delta rays, 
within the active volume of the chamber. Atmospheric pressure 
was found to be suitable. A slight positive pressure with respect 
to atmospheric was, in fact, used to prevent any possibility of 
ingress of contaminating gas during the experiment. No 
contamination was ever observed but it was felt expedient to take 
advantage of the possibility of using a slightly higher pressure 
than necessary in order to take this precaution.
6.2. EXPERIMENTAL PROCEDURE
Optimum electrode potentials were determined by a set of initial 
runs during which a pulse height spectrum was obtained for the various 
electrode potentials. No attempt was made to obtain accurate results, the 
spectra only being used to determine the conditions which provided the best 
resolution for the source in question. An amount of resolution degradation 
was noted when compared to the earlier pulse experiment and this was ascribed 
to the much increased ionisation density within the ionisation chamber.
The gain and pulse shaping conditions were similarly determined.
With these initial experiments completed, the system was attached to 
a 400 channel analyser and readout system.
The experimental sequence for one run was as follows -
a) Evacuate chamber (as detailed above).
b) Fill chamber with the Argon plus Methane mixture and allow 
thirty minutes to settle.
c) Using suitable gain settings calibrate the precision pulse 
generator against the 6.02 MeV and 6.18 MeV alpha particle 
ionisation peak, these two energies not being distinguishable.
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With the pulse generator calibrated in this way, it was 
suitable for use as- a 'transfer standard1 for the calibration 
of the multichannel analysis of the fission fragment pulse 
spectrum. The accuracy of this standard was 0.5%, this figure 
being reached from consideration of the accuracy to which the 
peak channel could be defined, the linearity and zero offset 
of the pulse generator, and the accuracy to which a transfer 
from the low energy alpha spectrum to the high energy fission 
fragment spectrum may be made. Due to the relative nature of 
this experiment, this last contribution was not significant.
d) Adjust the gain settings of the spectroscopic amplifier such 
that the multichannel analyser suitably displays the fission 
fragment spectrum. Superimpose the calibration spectrum from 
the calibrated pulse generator.
e) From the relative pulse heights of the alpha and fission
fragment spectra obtain a value of W for the two peaks of the
fission fragment spectrum relative to the alpha particle
energy.
The setting up of the transfer standard required a knowledge of the 
accuracy of the pulse generator and its relation to the ionisation pulses.
The first experiment was, therefore, to check the linearity and the offset 
of the pulse generator and input to the charge sensitive pre-amplifier.
This was checked using a multichannel analyser to display the pulse height
and a digital voltmeter of known high linearity to determine the D.C. level 
from the generator. This was the potential to which an output capacitor 
was charged in the generator and therefore gave an accurate value of the 
output pulse height. A different charge sensitive pre-amplifier was used in 
this experiment to that used in the energy dependence experiment and the anomaly 
observed in that case was not seen here.
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The linearity of the electronics, including the pulse generator, 
was in this way found to be better than 0.1%. During the transfer of 
the calibration from the low energy alpha particle spectrum to the higher 
energy fission fragments it was necessary to use the precision attenuators 
provided. Those used were calibrated and found to be accurate to better 
than 0.1%. Calibration was performed at several points through the fission 
fragment spectrum and a least squares regression applied to the points to 
obtain the final calibration information. This calculation was performed 
using the programmable calculator described previously. The overall 
calibration procedure was, therefore, very similar to that used in the 
previous experiment, the exceptions being that the same source was used as 
the standard and as the test, rather than using a source to calibrate the 
proton spectrum from an accelerator. Also, it was necessary in this 
experiment due to the dynamic ranges involved, to use attenuators of 
differing values for the two parts of the calibration whereas previously 
all the calibration was performed using a single attenuator setting. The 
technique used in this experiment allowed the optimum use of the multichannel 
analyser by choosing suitable but differing dynamic ranges. The precautions 
taken to relate all information to the single low energy source ensured 
complete calibration of the system.
The peak channels of the pulse spectra were determined as before 
by plotting the channel contents,after applying a smoothing routine,and 
then using the calibration data to yield relative ionisation data for each 
point of interest. Relative values of W were then evaluated, knowing the 
energies of the fission fragment peaks.
6.3. RESULTS
Typical ionisation plots obtained in this experiment are shown in 
figures 6.c. (alpha particle) and 6.d. (fission fragment).
Experimental accuracies are as shown below, and yield an overall 
accuracy for the experiment of - 3%.
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a) Alpha particle channel identification 0.7%
b) Pulse generator and multichannel analyser
linearity 0.1%
c) Pulse generator attenuator accuracy 0.1%
d) Pulse generator channel identification 0.4%
e) Alpha particle energy 0.1%
f) Fission fragment energy and channel 
identification 1.5%
Hence, the accuracy of the calibration was - 1.3% and the overall 
accuracy was - 3%.
As previously mentioned, the poor resolution of the 6 MeV alpha 
particle pulse spectrum was due largely to the high ionisation density 
and also to the relatively high activity of the source. A 0.01 microcurie 
Americium-241 source was directly substituted for the Californium-252 source. 
The alpha resolution from the Americium was 2% compared to the 16% obtained 
using the Californium source. The noise contribution was apparent when 
observing the resolution of the pulse generator spectrum. Results were 
as follows -
a) No E.H.T. no source 1.4%
b) E.H.T. no source 2.0%
c) E.H.T. with source (Cf) 8.6%
From this, and the better resolution of the pulses from the 
Americium source, it can be seen that only a minor contribution was due to 
the noise of the E.H.T. supply.
The total emission rate of the source (alpha plus fission fragments) 
was 862 particles per second, a sufficiently low rate to prevent pulse 
pile-up being a significant problem in the chamber or in the electronics.
g
The number of ions liberated per second was of the order of 3.25 x 10 .
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Figure 6„c.
Typical Alpha Particle Ionisation Spectrum
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Figure 6.d.
Typical Fission Fragment Ionisation Spectrum
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It was noted that runs of up to five hours yielded the best
results as far as resolution and repeatability were concerned. Longer
runs exhibited a marked deterioration in the resolution of the pulse
spectra. This applied to both the alpha particle and the fission fragment
spectra. A run initiated seven hours after gas filling and lasting one
hour exhibited very poor resolution, the upper fission peak being
undiscernable. This anomaly was cured by the refilling of the chamber with
a new sample of gas. This behaviour was contrary to the appearance of
greater noise at the beginning of a run which was noted in the two previous
experiments. All runs were therefore made between half an hour and five
hours of fitting the chamber.
The final results were obtained in a series of four runs each
lasting four hours (6.9 x 10“* fission fragments) the degradation during
this period being insufficient to affect the peak channel identification.
The cause of the time effect was not detemined, no experimental
effect being found to account for the degradation. The number of molecules
13changed by ionisation per hour was of the order of 10 . This is, however,
an insignificant number compared with the number of molecules within the
active volume of the chamber (3.1 litres). The overall ratio of the
9number of molecules converted was of the order of one in 10 .
Other possible causes considered were a deterioration in the noise 
associated with the E.H.T. supply when the instrument was on for a 
significant length of time, and charging of the P.T.F.E. insulators.
Neither of these were found, experimentally, to be the cause.
The final results from this experiment are as follows
THE VALUE OF W FOR THE LOW ENERGY (80 MeV, 144 amu) fission 
fragment from Californium-252 relative to alpha particles of 6 mEV from the 
same source, in a gas mixture comprising 90% Argon plus 10% Methane was
found to be - 1.19_+ 0.04.
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THE VALUE OF W FOR THE HIGH ENERGY (104 MeV, 110 amu) fission
fragment from Californium-252 relative to alpha particles of 6 MeV from
the same source, in a gas mixture comprising 90% Argon plus 10% Methane
*1"
was found to be - 1.14-0.04.
From the short discussion of previous workers1 results for the 
variation of W as a function of the mass of the incident particle, it can 
be seen that the deviation of the data is very high. The relatively low 
mass information of MacDonald and Sidenius being most reliable. The data 
on the higher mass particles is in such variance that at best the results 
from this single experiment can be used as further information to base 
future experiments upon.
The method of determining the value of W in this experiment could 
not lead to very high accuracy due to the very high activity of the source 
for use in an ionisation chamber of practical volume. However, confidence 
may certainly be placed upon the results taking the limitations mentioned 
into account.
6.4. CONCLUSION
Further development work should be performed on the existing system 
to improve the confidence in the results. Whilst the repeatability of 
this experiment was good, there are several ways in which further confidence 
could be gained.
Primarily, the resolution of the chamber should be improved. This 
could be attained by reducing the activity of the source to lower the 
density of ionisation within the chamber. An investigation into the 
degradation of the spectrum with time should also be performed. It was 
shown that it was not a function of any associated electronics but was a 
phenomenon within the chamber itself.
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For the results from a fission fragment source the pulse analysis 
technique is the most suitable _but for other mass dependence experiments 
a total ionisation current determination could yield more dependable 
results. Such an experiment would use the modified energy function 
apparatus discussed in the conclusion to chapter five, attached to an 
accelerator capable of producing ions of atomic number 1 to 8 (Hydrogen 
to Oxygen) or above. This would yield data relevant to the secondary 
particle spectrum formed when neutrons of up to 20 MeV are incident in 
tissue. A range of energies and test gases would then be possible. The 
energy range over which the experiment could be performed to yeild results 
beneficial to this application would be from 100 keV or less to 1.5 MeV. 
Experiments using a range of tissue equivalent gas mixtures as well as 
some standard gases such as Nitrogen and Argon could be performed.
CONCLUSION
The experiments performed in this research have yielded values 
for W for a range of gas mixtures with a wide range of energy and mass 
of the positively charged incident particles. These parameters were so 
chosen as to provide the range of results which can be applied to the 
basic dosimetric equation in such a way as to yield information on the 
restraints of the use of this equation in the dosimetry of neutrons of 
up to 20 MeV as used for the radiotherapeutic treatment of cancerous 
tissue.
In chapter two the concept and limitation of tissue equivalence 
was discussed and a table of corrections based on data from Auxier et al 
(1968) was determined. The tables of Appendix 1 give a full range of 
the corrections to be applied if one tissue composition is assumed when 
being applied to other tissue types. When using a dosimeter filled with 
a gas mixture of the second Rossi composition, the inherent error between 
the absorbed dose measured in the dosimeter to that absorbed in the human 
tissue may be up to 11%. It must be emphasised that this considers only 
the absorbed dose and not the dose equivalent.
Chapter three described an experiment which yielded the value of W 
for 5.48 MeV alpha particles from Americium-241 in several standard gases 
as well as two tissue equivalent mixtures. The results are tabulated in 
figure 7.a.
The experiment described in chapter five yielded data on the value 
of W for protons in a mixture of Argon (90%) plus Methane (10%). The 
energy of the protons was varied between 300 KeV and 1.72 MeV. The value 
of W at 500 KeV was found to be 17% greater than that at 1.7 MeV. A low 
energy anomaly was observed. Results are shown in figure 7.b.
/Contd
W FOR AMERICIUM-241 ALPHA PARTICLES IN VARIOUS GASES
(eV PER ION-PAIR)
GAS . Wrel
N2 = 36.39
wabs
Nitrogen - 36.7 - 0.2
Argon 26.2 - 0.1 26.3 - 0.2
Air 34.9 - 0.1 35.2 - 0.2
Argon/Me thane . 26.2 - 0.1 26.2 - 0.2
Tissue
Equivalent 1 30.9 - 0.1 31.2 * 0.2
Tissue
Equivalent 2
29.5 - 0.1 29.6 - 0.2
Figure 7.b.
Plot of as a Function of.Energy for Protons in Argon (90%) plus
■          :-; sr
Methane (10%)
W for fission fragments from Californium-252 in the same Argon- 
Methane mixture was determined -relative to alpha particles of 6 MeV from 
the same source. This experiment was described in chapter six and the 
results are shown in figure 7.c.
The results from the energy and mass function considerations show 
that, unless the corrections determined for the absorbed dose in various 
tissue types were applied closely, any errors introduced by assuming a 
constant value for W (that obtained using protons above 1.5 MeV or alpha 
particles of 5 MeV) will be less than that introduced by the composition 
error. Additionally, the inhomogeneity of tissue around any point of 
interest introduces an error. The Auxier analysis assumes a uniform 
absorbing medium. No consideration has been made in this thesis of the 
interface between two tissue types or of the absorbed dose when considering 
bone. Such concepts were deemed beyond the scope of this research.
When using the Rossi gas mixture to approximate to tissue the value 
of W used in the basic dosimetric equation should be that obtained using 
alpha particles of greater than 5 MeV or protons of greater than 1.5 MeV.
' This will yield the most reliable data. The radiotherapist does not 
require any detailed corrections to this equation due to the physiological 
problems mentioned above.
riUUKfc /.C.
TABLE OF VALUES OF W FOR CALIFORNLUM-252 FISSION FRAGMENTS IN ARGON (90%) 
PLUS METHANE (10%) RELATIVE TO 6 MeV ALPHA PARTICLES FROM THE
SAME SOURCE
F I S S I O N F R A G M E N T
HIGH MASS 
LOW ENERGY
LOW MASS 
HIGH ENERGY
MASS ‘ 144 amu 110 amu
ENERGY 80 MeV 104 MeV
w irel 1.19 - 0.04 1.14 - 0.04
Radiation dose absorbed by various tissue types from a beam of . 
mono-energetic neutrons of 14 MeV.
A computer programme was written to determine the relative 
absorbed dose in various tissue types using the data of Auxier et al 
(1968) and substituting the composition of various tissue types into 
this data.
Appendix 1A tabulates the dose contributions of the various atomic 
components of the tissues and the total relative dose for the tissue 
in question* all related to unit mass.
Appendix IB tabulates the errors associated with the use of one 
tissue composition to simulate that of a second tissue type. Each 
tissue tabulated in la is taken as the norm in turn and all other 
absorbed doses compared to this norm.
A P P E N D I X  1A
AVERAGE ABSORBED DOSE IN AN ANTHROPOMORPHIC PHANTOM 
14 MEV MONOENERGETIC NEUTRONS. .
CAUXIER ET ALf 1968)
TISSUE AUXIER (MODEL, 1968)
ATOMIC COMPOSITION H 10.35
DOSE CONTRIBUTIONS H 69.44
TOTAL DOSE (REL UNITS)
C 1.56 N 
C 5.87 N 
100.00
0.22 0 4.24
1.26 0 23.43
TISSUE TOTAL SOFT
ATOMIC COMPOSITION H 10.50 C 1.95 N
DOSE CONTRIBUTIONS H 70.45 C 7.34 N
TOTAL DOSE (REL UNITS) •' 100.81
0.18 0 3.98 
1.03 0 21.99
TISSUE TOTAL BODY
ATOMIC COMPOSITION H 10.90 C 1.96 N
DOSE CONTRIBUTIONS H 73.13 C 7.38 N
TOTAL DOSE (REL UNITS) 103.31
0.19 0 3.93 
1.09 0 21.72
TISSUE ADIPOSE
ATOMIC COMPOSITION H 12.00
DOSE CONTRIBUTIONS H 80.51
TOTAL DOSE (REL UNITS)
C 5.33 N 0.06 0 1.45 
C 20.06 N 0.34 0 8.01
108.92
TISSUE LUNG
ATOMIC COMPOSITION H 10.20 C 0.87 N
DOSE CONTRIBUTIONS H 68.43 C 3.27 N
TOTAL DOSE (REL UNITS) 99.32
0.21 0 4.78 
1.20 0 26.41
TISSUE LIVER
ATOMIC COMPOSITION H 10.70
DOSE CONTRIBUTIONS H 71.79
TOTAL DOSE (REL UNITS)
C 1.28 N 
C 4.82 N
101.68
0.21 0 4.32 
1.20 0 23.87
TISSUE BRAIN
AT O M I C  C O M P O S I T I O N  H 11.20 C 1.06 N 0.10 0 4. 6 7
DOSE C O N T R I B U T I O N S  H 7 5 .14 C 3.99  N 0.57 0 25.81
TO TA L DOSE (REL UNITS) 105.51
T I SSUE T H Y R O I D
A T O M I C  C O M P O S I T I O N  H 10.80 C 0.94 N 0.17 0 4.72
DOSE C O N T R I B U T I O N S  H 72.46 C 3.5 4* N 0.97 0 26.08
T O TAL DOSE  (REL UNITS) 103 . 0 5
TISSUE GI TRACT
ATOMIC COMPOSITION H 10.90 C 0.96 N 0.16 0 4.72
DOSE CONTRIBUTIONS H 73.13 C 3.61 N 0.92 0 26.08
TOTAL DOSE (REL UNITS) 103.74
TISSUE (C5,H40,018,N)
ATOMIC COMPOSITION H -9.95 C 1.24 N 0.26 0 4.47
DOSE CONTRIBUTIONS H 66.76 C 4.67 N 1.49 0 24.70
TOTAL DOSE (REL UNITS) 97.61
TISSUE ROSSI TISSUE
ATOMIC COMPOSITION H 10.20 C 1.01 N 0.29 0 4.61
DOSE CONTRIBUTIONS H 68.43 C 3.80 N 1.66 0 25.47
TOTAL DOSE (REL UNITS) 99.37
TISSUE ICRU MUSCLE ('62)
ATOMIC COMPOSITION H 10.30 C 1.03 N 0.25 0 4.61
DOSE CONTRIBUTIONS H 69.10 C 3.88 N 1.43 0 25.47
TOTAL DOSE (REL UNITS) 99.89
TISSUE STD MAN. CASWELL 68
ATOMIC COMPOSITION H 10.40 C 1.57 N 0.22 0 4.23
DOSE CONTRIBUTIONS H 69.78 C 5.91 N 1.26 0 23.37
TOTAL DOSE (REL UNITS) 100.32
TISSUE WET TISSUE NBS 61
ATOMIC COMPOSITION H 10.10 C 1.02 N 0.29 0 4.61
DOSE CONTRIBUTIONS H 67.76 C 3.84 N 1.66 0 25.47
TOTAL DOSE (REL UNITS) 98.74
TISSUE ICRU TISSUE (64/69)
A T O M I C  C O M P O S I T I O N  H 10.10 C 0.9 3  N 0.19 0 4.7 6
DOSE C O N T R I B U T I O N S  H 6 7 . 7 6  C 3.5 0 N 1.09 0 2 6 . 3 0
T O TAL DOSE (REL UNITS) 9 8 . 6 5
T I S S U E ROSSI G AS 1
A T O M I C  C O M P O S I T I O N  H 9.40 C 1.27 N 0.24 0 4
DO S E  C O N T R I B U T I O N S  H 63.07  C 4.78* N 1.37 0 24
T O T A L  D OS E (REL UNITS) 9 4 . 0 9
TISSUE ROSSI GAS 2
ATOMIC COMPOSITION H 10.20 C 3.80 N 0.25 0 2
DOSE CONTRIBUTIONS H 68.43 C 14.30 N 1.43 0 14
TOTAL DOSE (REL UNITS) 98.20
TISSUE SRDOC GAS
ATOMIC COMPOSITION H *10.30
DOSE CONTRIBUTIONS H 69.10
TOTAL DOSE (REL UNITS)
C 4.74 N 0.25 0 1, 
C 17.84 N 1.43 0 10, 
98.48
TISSUE LARSON
ATOMIC COMPOSITION H 11.00
DOSE CONTRIBUTIONS H 73.80
TOTAL DOSE (REL UNITS)
C 4.00 N 
C 15.05 N 
103.14
0.14 0 2,
0.80 0 13,
TISSUE FRIGERIO SIM MUSCLE
ATOMIC COMPOSITION H 10.30 C 1.03 N 0.25 0 4
DOSE CONTRIBUTIONS H 69.10 C 3.88 N 1.43 0 25
TOTAL DOSE (REL UNITS) 99.89
TISSUE POLYSTYRENE
ATOMIC COMPOSITION H 7.70
DOSE CONTRIBUTIONS H 51.66
TOTAL DOSE (REL UNITS)
C 7.69 N 0.00 0 0 
C 28.94 N 0.00 0 0 
80.60
TISSUE POLYETHYLENE
ATOMIC COMPOSITION H 14.30
DOSE CONTRIBUTIONS H 95.94
TOTAL DOSE (REL UNITS)
C 7.14 N 0.00 0 0. 
C 26.87 N 0.00 0 0. 
122.81
TISSUE NYLON
A T O M I C  C O M P O S I T I O N  H 9.70  C 5.31 N 0.89 0 0
DO S E  C O N T R I B U T I O N S  H 6 5 . 0 8  C 19.98 N 5.10 0 4
T O T A L  DOS E (REL UNITS) 9 5 . 0 7
.50
.87
.54
.04
83
11
44
48
61
47
00
00
00
00
89
92
TISSUE P E R S P E X
AT OMIC C O M P O S I T I O N  H 9.10 C 4.54  N 0.00 0
DOSE C O N T R I B U T I O N S  H 6 1 .0 5 C 17.08* N 0.00 0
TOTAL DOSE (REL UNITS) 8 3 .05
TISSUE SHONKA PLASTIC
ATOMIC COMPOSITION H 10.10 C 6.47 N 0.25 0
DOSE CONTRIBUTIONS H 67.76 C 24.35 N 1.43 0
TOTAL DOSE (REL UNITS) 95.36
0.89
4.92
0.33 
1.82
APPENDIX IB
R E F E R E N C E  TISS UE AU X I E R  (MODEL, 1968)
TISSUE TYPE
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE (162) 
STD MAN. CASWELL 68 
WET TISSUE NBS 61 
ICRU TISSUE (64/69) 
ROSSI GAS 1 
ROSSI GAS 2 
SRDOC GAS 
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
0.81
3.31
8.92 
- 0.68
1.68 
5.51
3.05 
3.74 
-2.39 
-0.63 
- 0.11 
0.32 
-1.26 
-1.35 
-5.91 
-1.80 
-1.52
3.14 
- 0.11 
-19.40
22.81 
-4.93 
-16.95 
-4.64
REFERENCE TISSUE TOTAL SOFT
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE ('62)
STD MAN. CASWELL 68 
WET TISSUE NBS 61 
ICRU TISSUE (64/69) 
ROSSI GAS 1 
ROSSI GAS 2 
SRDOC GAS 
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
-0.80 
2.48
8.05 
-1.47 
0.86
4.66
2.23 
2.91 
-3.17 
-1.43 
-0.91 
-0.49 
-2.06 
-2.14 
-6.67 
-2.59 
-2.30
2.31 
-0.91 
-20.05 
21.82 
-5.69 
-17.61 
-5.40
R E F E R E N C E  TISS U E TOTAL BODY
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE (162)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
-3.20 
-'2.42
5.43 
- 3.86 
-1.58 
2.13 
-0.25 
0.42 
-5.52 
-3.81 
-3.31 
-2.90 
-4.43 
-4.51 
-8.93 
-4.95 
-4.67 
-0.17 
-3.31 
-21.99 
18.87 
-7.97 
-19.61 
-7.69
REFERENCE TISSUE ADIPOSE
TISSUE TYPE
AUXIER (MODEL, 1.968)
TOTAL SOFT
TOTAL BODY
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,O18,N)
ROSSI TISSUE 
ICRU MUSCLE ('62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
-8.19 
-7.45 
-5.15 
-8.81 
-6.65 
-3.13 
-5.39 
-4.76 
-10.38 
-8.77 
-8.30 
-7.90 
-9.35 
-9.43 
-13.62 
-9.84 
-9.58 
-5.31 
-8.30 
-26.01
12.75 
-12.71 
-23.75 
-12.45
R E F E R E N C E  T I S S U E  LUNG
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LIVER
BRAIN
THYROID
GI TRACT
(C5,H4 0,018,N)
ROSSI TISSUE 
ICRU MUSCLE C'62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
0.68 
‘1 .49 
4.01
9.66 
2.37
6.23
3.75
4.45 
-1.72 
0.05 
0.57 
1.00 
-0.59 
-0.67 
-5.27 
-1.13 
-0.85
3.84 
0.57 
-18.85 
23.64 
-4.28 
-16.38 
-3.99
REFERENCE TISSUE LIVER
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
BRAIN
THYROID
GI TRACT
(C5,H40,O18,N)
ROSSI TISSUE 
ICRU MUSCLE ('62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
-1.65 
- 0.86 
1 .60 
7.12 
-2.32
3.77 
1.35 
2.03 
-4.00 
-2.27 
-1.76 
-1.34 
-2.89 
-2.98 
-7.47 
-3.42 
-3.14
1.43 
-1.76 
-20.73 
20.78 
-6.50 
-18.32 
- 6.21
R E F E R E N C E  T I S S U E  BRAIN
TISSUE TYPE RELATIVE DOSE
(PERCENTAGE DIFFERENCE) 
AUXIER (MODEL, 1968) -5.22
TOTAL SOFT -4.46
TOTAL BODY -2.09
ADIPOSE 3.23
LUNG -5.86
LIVER -3.63
THYROID -2.33
GI TRACT -1.68
(C5,H40,O18,N) -7.49
ROSSI TISSUE -5.82
ICRU MUSCLE C162) -5.33
STD MAN. CASWELL 68 -4.92
WET TISSUE NBS 61 -6.42
ICRU TISSUE (64/69) -6.50
ROSSI GAS 1 • -10.83
ROSSI GAS 2 -6.93
SRDOC GAS -6.66
LARSON -2.25
FRIGERIO SIM MUSCLE -5.33
POLYSTYRENE -23.61
POLYETHYLENE 16.39
NYLON -9.89
PERSPEX -21.28
SHONKA PLASTIC -9.62
REFERENCE TISSUE THYROID
TISSUE TYPE RELATIVE DOSE
(PERCENTAGE DIFFERENCE) 
AUXIER (MODEL, 1968) -2.96
TOTAL SOFT -2.18
TOTAL BODY 0.25
ADIPOSE 5.70
LUNG -3.62
LIVER -1.33
BRAIN 2.39
GI TRACT 0.67
(C5,H40,018,N) -5.28
ROSSI TISSUE -3.57
ICRU MUSCLE ('62) -3.07
STD MAN. CASWELL 68 -2.65
WET TISSUE NBS 61 -4.19
ICRU TISSUE (64/69) -4.27
ROSSI GAS 1 -8.70
ROSSI GAS 2 -4.71
SRDOC GAS -4.43
LARSON 0.08
FRIGERIO SIM MUSCLE -3.07
POLYSTYRENE -21.79
POLYETHYLENE 19.17
NYLON -7.74
PERSPEX -19.41
SHONKA PLASTIC -7.46
R E F E R E N C E  T I S S U E  GI TRACT
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
(C5,H40,O18,N)
ROSSI TISSUE 
ICRU MUSCLE (*62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
-3.61 
-2.83 
-0.42 
4.99 
-4.26 
-1 .99
1.71 
- 0.66 
-5.91 
-4.21 
-3.72 
-3.30 
-4.82 
-4.90 
-9.31 
-5.34 
-5.07 
-0.58 
-3.72 
-22.31
18.38 
-8.35 
-19.94 
-8.08
REFERENCE TISSUE (C5,H40,018,N)
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
ROSSI TISSUE
ICRU MUSCLE ('62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE)
2.45
3.27
5.84
11.59
1.75
4.17
8.09
5.57
6.28
1.80
2.33
2.77
1.15
1.07
-3.61
0.60
0.89
5.66
2.33 
-17.43
25.81
-2.60
-14.91
-2.30
R E F E R E N C E  TI SSUE ROSSI T I SSUE
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ICRU MUSCLE (*62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
0.63 
‘1.45
3.97
9.61 
-0.05
2.32 
6.18
3.71
4.40 
-1.77 
0.52 
0.95 
-0.64 
-0.72 
-5.32 
-1.18 
-0.89
3.79 
0.52 
-18.89
23.59 
-4.32 
-16.42 
-4.03
REFERENCE TISSUE ICRU-MUSCLE (*62)
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
p o l y s t y r e n e
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
0 . 1 1  
0.92
3.43
9.05 
-0.56
1.79
5.63
3.17
3.86 
-2.28 
-0.52 
0.43 
-1.15 
-1.23 
-5.81 
-1.69 
-1.40
3.25 
0.00 
-19.31
22.95 
-4.82 
-16.85 
-4.53
R E F E R E N C E  T I S S U E  STD MAN. C A S W E L L  68
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,O18,N)
ROSSI TISSUE 
ICRU MUSCLE (162)
WET TISSUE NBS 61 
ICRU TISSUE (64/69) 
ROSSI GAS 1 
ROSSI GAS 2 
SRDOC GAS 
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
-0.32 
*0.49
2.98
8.58 
-0.99
1.36
5.18
2.73
3.41 
-2.70 
-0.95 
-0.43 
-1.58 
- 1.66 
- 6.21 
- 2.11 
-1.83
2.81 
-0.43 
-19.66 
22.42 
-5.23 
-17.21 
-4.94
REFERENCE TISSUE
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
CC5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE (* 62)
STD MAN. CASWELL 68
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
WET TISSUE NBS 61
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
1 .28 
2.10
4.63 
10.32 
0.60
2.98
6.86
4.37
5.07 
-1.14 
0.64
1.17 
1 .60
-0.08
-4.71
-0.54
-0.25
4.46
1.17 
-18.37
24.38
-3.71
-15.88
- 3.42
R E F E R E N C E  T I S S U E  ICRU T I S S U E  (64/69)
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE (*62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE)
1.36 
‘2.18
4.72
10.41 
0.68
3.07
6,95
4.46
5.16 
-1.06 
0.73
1.25 
1.69 
0.08
-4.63
-0.46
-0.17
4.54
1.25 
-18.30
24.48
-3.63
-15.81
-3.34
REFERENCE TISSUE ROSSI GAS 1
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE ('62)
STD MAN. CASWELL 68 
WET TISSUE NBS 61 
ICRU TISSUE (64/69) 
ROSSI GAS 2 
SRDOC GAS 
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE)
6.29
7.14
9.80
15.77 
5.57
8.07
12.14
9.53 
10.26
3.75
5.62 
6.16
6.62
4.94
4.85
4.37
4.67
9.62
6.16
-14.34
30.53
1.05
-11.72
1.36
R E F E R E N C E  T I S S U E  ROSSI  GAS 2
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE (*62)
STD MAN. CASWELL 68 
WET TISSUE NBS 61 
ICRU TISSUE (64/69) 
ROSSI GAS 1 
SRDOC GAS 
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
1 .83
2.66
5.20 
10.92
1.14
3.54
7.44
4.94
5.64 
-0.60
1.19
1.72
2.16 
0.55 
0.46
-4.19
0.29
5.03
1.72 
-17.93
25.06
-3.18
-15.42
-2.89
REFERENCE TISSUE SRDOC GAS
TISSUE TYPE RELATIVE DOSE 
(PERCENTAGE DIFFERENCE)
AUXIER (MODEL, 1968). 1.54
TOTAL SOFT 2.36
TOTAL BODY 4.90
ADIPOSE 10.60
LUNG 0.85
LIVER 3.24
BRAIN 7.13
THYROID 4.64
GI TRACT 5.34
(C5,H40,018,N) -0.89
ROSSI TISSUE 0.90
ICRU MUSCLE (162) 1.42
STD MAN. CASWELL 68 1.86
WET TISSUE NBS 61 0.26
ICRU TISSUE (64/69) 0.17
ROSSI GAS 1 -4.47
ROSSI GAS 2 -0.29
LARSON 4.72
FRIGERIO SIM MUSCLE 1.42
POLYSTYRENE -18.16
POLYETHYLENE 24.70
NYLON -3.46
PERSPEX -15.67
SHONKA PLASTIC -3.17
R E F E R E N C E  T I S S U E  L A R S O N
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE (162)
STD MAN. CASWELL 68 
WET TISSUE NBS 61 
ICRU TISSUE (64/69) 
ROSSI GAS 1 
ROSSI GAS 2 
SRDOC GAS
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
-3.04 
-2.26 
0.17
5.61 
-3.70 
-1.41 
2.30 
-0.08 
0.59 
-5.36 
-3.65 
-3.15 
-2.73 
-4.27 
-4.35 
-8.78 
-4.79 
-4.51 
-3.15 
-21.85
19.07 
-7.82 
-19.47 
-7.54
REFERENCE TISSUE
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)
ROSSI TISSUE 
ICRU MUSCLE (162)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
SHONKA PLASTIC
FRIGERIO SIM MUSCLE
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE) 
0 . 1 1  
0.92 
3.43
9.05 
-0 .56
1.79
5.63
3.17
3.86 
-2.28 
-0.52 
0.00
0.43 
-1.15 
-1.23 
-5.81 
-1.69 
-1.40
3.25 
-19.31
22.95 
-4.82 
-16.85 
-4.53
.REFERENCE TIS S U E  P O L Y S T Y R E N E
TISSUE TYPE RELATIVE DOSE
(PERCENTAGE DIFFERENCE) 
AUXIER (MODEL, 1968) 24.07
TOTAL SOFT ?5.08
TOTAL BODY 28.18
ADIPOSE 35.14
LUNG 23.24
LIVER 26.16
BRAIN 30.91
THYROID 27.86
GI TRACT 28.72
(C5,H40,018fN) 21.11
ROSSI TISSUE 23.29
ICRU MUSCLE ('62) 23.93
STD MAN. CASWELL 68 24.47
WET TISSUE N8S 61 22.51
ICRU TISSUE (64/69) • 22.40
ROSSI GAS 1 16.74
ROSSI GAS 2 21.84
SRDOC GAS ' 22.19
LARSON 27.97
FRIGERIO SIM MUSCLE 23.93
POLYETHYLENE 52.37
NYLON 17.96
PERSPEX 3.05
SHONKA PLASTIC 18.32
REFERENCE TISSUE POLYETHYLENE
TISSUE TYPE RELATIVE DOSE
(PERCENTAGE DIFFERENCE) 
AUXIER (MODEL, 1968) -18.57
TOTAL SOFT -17.91
TOTAL BODY -15.88
ADIPOSE -11.31
LUNG -19.12
LIVER -17.20
BRAIN -14.09
THYROID -16.09
GI TRACT -15.53
(C5,H40,018,N) -20.52
ROSSI TISSUE -19.09
ICRU MUSCLE (’62) -18.66
STD MAN. CASWELL 68 -18.31
WET TISSUE NBS 61 -19.60
ICRU TISSUE (64/69) -19.67
ROSSI GAS 1 -23.39
ROSSI GAS 2 -20.04
* SRDOC GAS -19.81
LARSON -16.02
FRIGERIO SIM MUSCLE -18.66
POLYSTYRENE ' -34.37
NYLON -22.58
PERSPEX -32.37
SHONKA PLASTIC -22.35
R E F E R E N C E  TISSUE N Y LO N
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,018,N)•
ROSSI TISSUE 
ICRU MUSCLE (*62)
STD MAN. CASWELL 68
WET TISSUE NBS 61
ICRU TISSUE (64/69)
ROSSI GAS 1
ROSSI GAS 2
SRDOC GAS
LARSON
FRIGERIO SIM MUSCLE 
POLYSTYRENE 
POLYETHYLENE 
PERSPEX
SHONKA PLASTIC
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE)
5.18 
•6.03
8.66 
14.56
4.47
6.95
10.98
8.39
9.12
2.67
4.52
5.06 
5.51
3.85
3.76
-1.04
3.29
3.59
8.48
5.06 
-15.23
29.17
-12.64
0.30
REFERENCE TISSUE PERSPEX-
TISSUE TYPE RELATIVE DOSE
(PERCENTAGE DIFFERENCE) 
AUXIER (MODEL, 1968) 20.40
TOTAL SOFT 21.38
TOTAL BODY 24.39
ADIPOSE 31.14
LUNG 19.59
LIVER 22.42
BRAIN 27.04
THYROID 24.08
GI TRACT 24.91
(C5,H40,018,N) 17.53
ROSSI TISSUE 19.64
ICRU MUSCLE ('62) 20.27
STD MAN. CASWELL 68 20.79
WET TISSUE NBS 61 18.88
ICRU TISSUE (64/69) 18.78
ROSSI GAS 1 13.28
ROSSI GAS 2 18.24
SRDOC GAS 18.58
LARSON 24.18
FRIGERIO SIM MUSCLE 20.27
POLYSTYRENE f -2.96
POLYETHYLENE 47.86
NYLON 14.47
SHONKA PLASTIC 14.82
R E F E R E N C E  TI SS UE S H O N K A  P L A S T I C
TISSUE TYPE
AUXIER (MODEL, 1968)
TOTAL SOFT
TOTAL BODY
ADIPOSE
LUNG
LIVER
BRAIN
THYROID
GI TRACT
(C5,H40,O18,N)
ROSSI TISSUE 
ICRU MUSCLE (’62)
STD MAN. CASWELL 68 
WET TISSUE NBS 61 
ICRU TISSUE (64/69) 
ROSSI GAS 1 
ROSSI GAS 2 
SRDOC GAS 
LARSON
FRIGERIO SIM MUSCLE
POLYSTYRENE
POLYETHYLENE
NYLON
PERSPEX
RELATIVE DOSE 
(PERCENTAGE DIFFERENCE)
4.86 
*5.71
8.33 
14.22
4.15
6.62
10.64
8.06
8.78
2.36
4.20
4.74
5.20
3.54
3.45
-1.34
2.97
3.27
8.15
4.74 
-15.48
28.78
-0.30
-12.91
ELECTRONIC EQUIPMENT - SPECIFICATIONS
A . 2.1. Vibrating Reed Electrometer 
MANUFACTURER
MODEL
RANGES
ACCURACY
STABILITY 
INPUT IMPEDANCE 
STRAY INPUT CURRENT
Electronic Instruments Limited 
62A
9 Ranges - 0-3mV to 0-10V
Amplifier 0.5%
Meter 1%
Better than O.lmV per 12 hours 
16Greater than 0 ohm.
Less than 10 ^  amp.
A 2.2, Varactor Diode Electrometer
MANUFACTURER 
TYPE NUMBER 
INPUT IMPEDANCE 
STABILITY
Analog Devices 
AD 310J, AD 311J 
10^ ohm.
Better than O.lmV per month
O.OlmV per C°
O.OOlmV for 1 volt change 
in supply voltage
INPUT VOLTAGE Zero to - 25 volts
OUTPUT VOLTAGE - 10 volts @ 5mA
A 2.3. Comparison of Electrometer Types
TYPE
VARACTOR
BRIDGE
VIBRATING
CAPACITOR MOSFET
ELECTROMETER
TUBES
1-Stability Good Excellent Good Good
V-Stability Excellent Excellent Fair Poor
Bandwidth Narrow Narrow Wide Wide
Overload
Protection Easy Easy Difficult
-
CMR Excellent Excellent Fair Poor
Microphonics Fair Fair Good Poor
Warm-Up Fast Fast Fast Slow
Size Small Large Small Large
Price Low High Medium Medium
/Contd.
A 2.4. EHT Power Supply
A 2.5.
MANUFACTURER Fluke
MODEL 410 B
OUTPUT RANGE Ov to 10k volts
OUTPUT CURRENT 10mA max.
OUTPUT POLARITY Positive or Negative
LINE REGULATION 0.001% or 2mV for 10%
STABILITY - 0.005% per hour
RIPPLE Less than lmV r.m.s.
RESETABILITY - 0.05% or 50mV
TEMPERATURE RANGE 0°C to 50°C
Precision Pulse Generator
MANUFACTURER Ortec Limited
MODEL 204
PULSE AMPLITUDE OV to 1.0V
PULSE RISE TIME Less than 10 nS
PULSE FALL TIME 200 uS or 400 uS
PULSE REPETITION RATE 50 H
7 .
PULSE HEIGHT 
CONTROL LINEARITY
ATTENUATOR ACCURACY
RIPPLE AND NOISE
LINE STABILITY
TEMPERATURE STABILITY
- 0.1% of full scale
- 0.1%
0.003% of pulse amplitude (r.m.s.)
0.02% for 10% line variation
0.005% per Centigrade degree
APPENDIX 3
12
Calibration data for the 10 ohm current sensing resister 
used in the total ionisation^current experiment
Nominal resistance
Measurement instrument
Systematic error
Temperature of measurement
Standard error of mean 
for several readings
Temperature coefficient 
of resister
Graph of resistance against applied potential
0.9800
0.9780 . 
Resistance 
(ohms)
0.9760
0.9740 .
4 8 24120 16 20
Applied potential (volts)
lO^ohm
guide line Tera-ohmeter (9320) 
_+ 0.2%
19°C
_+ 0.2% (Typically _+ 0.03%)
- 0.02% per K
COMPONENTS OF THE ALPHA PARTICLE SPECTRUMS FROM THE DECAY 
OF AMERICIUM-241 (LEDERER ET AL 1967)
237
93Np + a lp h a
Half-life: 458 years
ALPHA PARTICLE ENERGY ABUNDANCE
5.384 MeV 1.7%
5.441 MeV 12.6%
5.483 MeV 85.0%
5.506 MeV 0.23%
5.540 MeV 0.35%
All other components 
(each less than 0.01% 
abundance)
0.12%
95
Am'241
Mean alpha particle energy: 5.48 MeV
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STATEMENT ON THE TREATMENT* OF ACCURACIES
The statement of. accuracies within this thesis have, with reason, 
not been treated in a similar manner throughout. The. following break­
down of the errors associated with the three experiments is intended 
to explain the methods used. ,
Chapter Three W for T.E. gas mixtures (p65-69) •
1. Error associated with the calibration of the Electrometer.
Estimated Bound of Residual Systematic Errors - 0.2$
2. Error associated with the Resistor calibration
Estimated Bound of Residual Systematic Errors - 0.2$
Index of Random Errors - 0.2$ (typically - 0.3$)
These were treated together by a Jsum^ method to yield an l 
overall error for later calculation of - 0.3$.
3. Errors from the application of the Energy of the alpha 
particles, the effective disintegration rate of the source 
and the systematic error associated with the measurement 
of the voltage drop across the resistor. These were estimated . 
to contribute a further 0.4$ by summing as above.
Energy calibration 0.2$ Systematic Bound —
Disintegration rate 0.2$ 3 o-limit
Voltage drop 0.3$ Systematic Bound
4- Statistical Errors associated with the measurement of voltage 
drop.
A mean of each run of approximately 800 results was taken 
and the total spread observed.
Each mean was found to lie within this spread.
Therefore a suitably weighted mean of the mean of each run 
was obtained and the total spread of results was noted and 
expressed as a value from the mean.
This spread was taken to approximate to the 3 (T limit.
The relative and absolute results were treated by applying the Jsum^ 
to all the relevant components. -
The result was an overall statement of accuracy of - 0.4$ for the
relative results and - 0.6$ for the. absolute results.
In order to bring this in line more with the current NPL Code of
Practice for the statement of accuracy the systematic and statistical
errors should be split from the above.
An approximation to this would be to treat the components 1,2, 
and 3 as residual systematic and only' item four as statistical. This 
neglects the statistical nature of the disintegration rate.
The accuracy would then be stated thus.
The error associated with the relative measurement of W was composed 
of 0.2$ Estimated Bound of Residual Systematic Errors plus 0.2$ Index of 
Errors i;o the 3 cr limit .
Chanter Five Energy Function (p 123-124)
1. The calibration of the pulse height analyser. The error
associated with this section was a maximum error observed 
from any calibration run and could be termed a probable 
error limit. Results were too restricted to provide other 
confidence levels. An error of - 0.2$ was therefore deemed 
to apply to both 'the energy and ionisation analyser systems.
2.. A similar error on energy analysis was obtained and the figure
in this case was - 0.3$. Both should be treated.as statistical.
3. The window itself had two associated errors, the manufacturers 
- 2$ uniformity and the estimated energy loss due to thinning 
of 1$. An experiment was performed to evaluate the extent of 
any not elastic thinning which showed the effect to be 
within - 1 $. No measurement of non-elastic thinning was 
however undertaken. Both of‘these should be treated as systematic.
4. The error associated with the ionisation peak was estimated 
as 1 and 2- above and a statistical error of 1$ was derived.
It was decided that, due to the lack of knowledge and residual 
uncertainty of the errors associated with the beam window, all errors 
would be treated by straight summation.
An overall error of - 4.7$ was therefore obtained. This would be 
best stated as follows:
The errors associated with the energy dependence experiment were • 
Estimated Bound of Residual Systematic Errors - 3.3$
Most Probable Statistical Error - 1.4^
Due to the remaining uncertainties concerning the beam window this 
overall result could perhaps be, with benefit, rounded' to - 5$.
Chapter Six. Mass Dependence (P 138)
■*
1. Calibration-of alpha particle - peak channel identification. ‘ 
Most Probable Statistical Error - 0.7
2. Estimated Bound of Residual Systematic Error associated -with 
calibration system - 0.-1^ .
3* Pulsor attenuator - Estimated Bound of Residual Systematic 
Errors -0.1^.
4. Most Probable Error associated with the calibration channel 
identification - 0.4
5» Calibration alpha particle energy Residual Systematic Error i 0.1^
6. Error associated with fission fragment energy and peak ionisation 
channel identification. Most probable statistical error- 1
The nature of these errors led as in chapter five to the addition ■ 
of errors by simple summation.
An overall accuracy statement of the following could be applied to 
the final results: '
Estimated Bound of Residual Systematic Errors 0.3i°
Most Probable Random Error 2.6^
